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SYNOPSIS 
This thesis reports on research investigating how sustainability considerations could be 
systematically incorporated into product design processes through the definition of a framework 
and the development of a methodology for evaluating established design processes and 
identifying and prioritising stages for sustainability considerations to be embedded into design 
activity. The primary objective of this research is to develop an understanding of the challenges 
and opportunities for the implementation of sustainable design approaches in order to move 
towards a situation in the future where sustainability considerations are an inherent and 
embedded part of product design processes – or ‘Ubiquitous Sustainability’ in design. 
The research contributions presented in this thesis can be considered in three main parts. The 
first contains a review of Sustainable Design (SD) that investigates the environmental, 
legislative and customer related drivers for its uptake, and explores the tools and methods 
available for its implementation. In order to understand the limitations and future opportunities 
for SD, a review of existing industrial practices was also conducted which highlighted a number 
of key challenges in the application of existing SD tools and methods. The review identified that 
where applied, sustainability considerations are often utilised too late in the design process to 
have a significant effect, and also that many companies experience significant challenges in 
incorporating these considerations within established practices and working cultures. Therefore, 
it was concluded that in order to work towards holistic consideration of sustainability 
throughout company processes, there is a need for enabling an expansion and evolutionary 
growth in SD practice by facilitating the inclusion of sustainability within existing practices. 
In this context, the second part of the research details a framework for embedding sustainability 
in design, which enables companies with little experience in SD to systematically identify and 
select effective and appropriate opportunities for SD intervention within their design processes. 
The framework provides a comprehensive method for evaluation of design processes based on 
three key classification factors of control, complexity and sustainability, which enable mapping 
of the critical components, decision points and knowledge systems in a process to identify stages 
for inclusion of sustainability consideration. The information from the evaluation is then 
processed using a multi-criteria decision model that utilises expert input to rank and prioritise 
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opportunities according to their economic viability, technical feasibility, sustainability benefits 
and strategic importance, providing a final list of customised and effective recommendations 
tailored to the specific needs of the company and product being assessed. 
Finally, the third part of the research outlines the case studies conducted to test and refine the 
framework. These demonstrate the application of the systematic approach in both a large 
company with previous experience of sustainability and structured processes, and a single 
designer with little experience of process improvement and sustainability. They were utilised to 
help refine and validate the methods, highlighting how the framework can be applied towards 
continuous improvement and the wider consideration of sustainability in design processes. 
In summary, this research clearly highlights the importance of providing a simple and pragmatic 
methodology for the inclusion of sustainability considerations within established design 
processes, to minimise risk, demonstrate feasibility, and encourage wider uptake from the 
earliest stages and throughout design activity. The recent growth in research into sustainable 
design methods and practice has been focussed on improving the design of unsustainable 
products, whereas the research reported in this thesis has highlighted the significant benefits 
and opportunities that exist when improving the design process as opposed to merely products. 
It is this approach to redesigning the design process that can systematically ensure the 
development of continuously improved, increasingly sustainable products in the future. 
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1. INTRODUCTION 
Environmental accountability and sustainability have become key strategic areas for many 
organisations in recent years, as scientific research has revealed more about climate change and 
other human impacts on the planet. Manufacturers in particular are faced with an ever-
increasing pressure to address environmental concerns rising from customer demand, 
governmental legislation, and economic threats driven by resource scarcity and challenges with 
security of energy and water supplies. However, as global demand for consumption and 
production continues to rise, the need to address the environmental impacts of our products is 
becoming ever more urgent. 
Many manufacturers have responded to this by implementing changes to their production 
activities as a first step toward reducing their environmental footprint. This approach is often 
referred to as ‘eco-efficiency’, involving optimisation and incremental changes to the 
performance and operation of existing production processes and systems. Although these efforts 
have resulted in widespread reductions in environmental impact, they often provide limited 
potential for moving beyond incremental efficiency improvements. However, as the scale of the 
challenges ahead continues to increase – driven by rapid market growth in developing countries 
coupled with a rising global population – it has become evident that we need to move beyond 
current incremental approaches to make radical step changes in the way that we produce and 
consume products, in order to meet the demands of the future. 
In this context, it is widely reported that a more proactive approach of implementing 
improvements at the design phase has the ability to help move beyond eco-efficiency, towards 
more radical solutions, and that “without the contribution of design, the full potential of 
sustainable production and consumption, and thus sustainability, cannot be realised” 
(Spangenberg et al., 2010).  This is due to the fact that the design phase of product development 
is responsible for a significant proportion of the environmental impact of a product (Poudelet et 
al., 2012), clearly highlighting the significant potential of early sustainability intervention during 
the design process. To this end, systematic methodologies and tools for improving the 
sustainability of product design have been in development for almost three decades. These 
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Sustainable Design (SD) approaches and tools prompt designers and engineers to consider key 
environmental factors, and enable them to modify their designs based on a number of 
predefined objectives such as improved material selection or end-of-life consideration. 
Although, at present, SD approaches are often typically focussed only on improving the 
environmental dimensions, in order to fulfil the holistic principles of sustainable development, 
these methods and tools should also incorporate consideration for economic and social factors. 
In practice within industry, SD methods and tools allow companies to target design 
improvement efforts towards the specific areas that are of greatest strategic benefit, or 
particular relevance. It is widely reported however that many existing SD tools require a great 
deal of knowledge and training to utilise, and have been found at times to offer unclear guidance 
during decision making due to conflicting considerations. Most critically, they are frequently 
applied during the later stages of the design process, particularly during the final stages of detail 
development. This means that sustainability is often only considered after many key decisions 
have been made, and when too many constraints are in place; preventing existing SD tools from 
having a significant impact. 
It is also increasingly reported that these existing tools and methods can be difficult to 
implement and to fit within established 'design processes’ and the larger context of ‘product 
development’ (Birch et al., 2012). These challenges can however vary greatly depending on the 
company and application. The structure of the design process in various companies will change 
not only based on the sector and size of a business, but also on the complexity, volume, shelf-
life, service-life, and other key characteristics of the products themselves. With simple products, 
and in smaller companies, design processes are typically found to be more agile and 
implementing change is more feasible. However, in the case of complex products and larger 
companies, implementing new design practices can provide greater challenges. In these 
situations communication, cooperation and knowledge management become of key importance, 
and ineffective control of these socio-organisational factors have been shown to significantly 
limit the success of SD implementation (Boks, 2006).  
These numerous challenges highlight the need for further research to better facilitate the 
integration of SD within different models of product design and development. In most cases it is 
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unlikely that a company could replace their existing operating practices and product design 
processes with completely new approaches, as this would require a great deal of time and effort, 
causing disruption to productivity. Therefore, one of the key research assertions made in this 
thesis is that, in the future, sustainability needs to become a completely ubiquitous part of 
product design. The transition to this however needs to be considered carefully, and developed 
purposefully. A completely transformative approach towards new practices will be impractical 
for many organisations, and so, to ensure success, improvements in the development of SD will 
need to be evolutionary. Therefore, future approaches need to consider how to embed 
sustainability into existing product design processes, methods and tools, in order to make SD an 
integral, impactful part of design practice moving forwards. 
In addition, it has been reported that, in most applications current SD methods only generate 
slightly modified or improved designs as they are often applied in the design process as an 
‘afterthought’; after many key decisions have been made and when too many constraints are in 
place. Research has also found that although there has been a marked increase in SD research 
and tool generation, there is little evidence to show widespread industrial uptake of SD methods 
in practice (Birch et al., 2012). Therefore, another key research assertion presented is that 
current SD methods are not yet fulfilling their potential in practice as they are utilised too late to 
have significant impact and can often be difficult to implement within the complex frameworks 
and multi-criteria demands of product design, requiring a great deal of knowledge which is 
beyond the traditional scope of design and engineering practice. Thus, there is a need for more 
supportive implementation models and tools that allow sustainability to be easily embedded 
throughout existing product design processes from the earliest stages where they have the 
greatest impact. 
The research reported in this thesis therefore aims to investigate an evolutionary approach 
towards embedded and ubiquitous consideration of sustainability throughout product design 
processes. It will explore this evolution through: 
• Identification of current methods, key challenges and future drivers for integration of 
SD within product design. 
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• Classification of various product design processes and their critical factors in order to 
gain insight of the most pragmatic implementation models for incorporation of SD. 
• Creation of a set of evaluation tables, and an accompanying decision model for 
identification of possible SD interventions within a product design process, enabling 
early and continual consideration of sustainability factors. 
• Provision of a set of evidence-based recommendations from the decision models to 
promote the systematic consideration of sustainability in various design activities. 
An outline of the thesis structure is shown in Figure 1.1. The thesis is divided into three key 
sections, namely the research background, research development, and research conclusions. 
The initial research background section consists of six chapters that outline the foundation and 
context for the thesis. Following this introduction, Chapter 2 defines the research context, aims, 
objectives and scope. Chapters 3, 4 and 5 support this definition of research with reviews of the 
literature in three critical areas of: i) The historical and future drivers for SD; ii) Tools, methods 
and practice of SD; and iii) Methods for the implementation of SD in design processes. Chapter 
6 gives a brief overview of common design research methodologies and outlines the 
methodological approach adopted within this thesis. 
The research development section consists of four chapters documenting the theoretical 
research, framework and tool development, and the case studies undertaken in order to address 
the research aims and objectives. Chapter 7 presents a framework for embedding SD into 
product development and Chapter 8 characterises the common product development models 
into which this framework could be applied, discussing the critical factors affecting 
implementation in various scenarios and how they can be used to classify and model design 
processes within a company. Chapter 9 then goes on to outline the opening stages of the 
framework in which the strategy is set, and the classification factors are used to systematically 
evaluate and model the design processes in a company using a series of tables, graphs and maps. 
Chapter 10 follows on from this by detailing the final stages of the framework in which targeted 
options for the improvement of SD are identified and prioritised using input from a range of 
experts and a specifically developed decision model. Finally, Chapter 11 demonstrates the 
application of the framework approach through two applied case study examples. 
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The closing research conclusions section consists of two chapters presenting the final 
considerations and recommendations arising from the work. Chapter 12 provides a discussion of 
the research undertaken and assesses the findings and outcomes against the stated objectives. 
These discussions are then summarised in Chapter 13, which puts forward the final conclusions 
of the research including opportunities for further development of this work and SD research. 
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2. RESEARCH CONTEXT AND SCOPE 
2.1 INTRODUCTION 
This chapter defines the context and scope of the research reported in this thesis, outlining the 
key definitions upon which the work is conducted. The main assertions for the work are 
discussed, and the key questions arising from these are put forward. From this, the aims of the 
research are stated and corresponding objectives are defined. For each objective, the scope of 
the research is then described and developed in support of the main research aim. 
2.2 DEFINITION OF THE DESIGN PROCESS  
In order to set the context for the research reported in this thesis, and ensure clarity throughout, 
it is important to first define the scope of the design process and the product development 
process respectively. For the purposes of this thesis, the design process is defined as activities 
that are directly influenced by the ‘Designer’, the ‘Engineer’, or other actor undertaking the 
design work from initial concept definition to final detailed design. Subsequently, the product 
development process is defined as the wider context of these activities, involving a wider range 
of actors, from ‘Marketing’ to ‘Production’ personnel, who take the product from the initial 
research and briefing stage through to manufacture. The relationship between these two 
concepts is illustrated in Figure 2.1. 
 
Figure 2.1. The Product Design Process as a central part of Product Development 
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2.3 RESEARCH CONTEXT 
As the challenges of the future have become more pressing in recent years, there has been a 
significant growth in research into ecodesign and SD, building on an already substantial body of 
work. Therefore, the research reported in this thesis aims to build upon this by addressing the 
key research gaps identified by previous relevant work and corresponding literature. 
In this context, DESIGN is widely recognised by businesses and governments as a key strategic 
driver for not only increasing resilience, but also promoting sustainable development. This was 
recently summarised by the European Commission (2012), who stated that “never before has so 
clear an opportunity existed as now… to enable a new level of awareness about the importance 
of design” and by Spangenberg et al. (2010), who proposed “without the contribution of design, 
the full potential of sustainable production and consumption, and thus sustainability, cannot 
be realised”. However, it is increasingly recognised that many companies are not yet utilising 
design improvements as part of their strategic approach to environmental improvement (Birch 
et al., 2012), and that where it is being practiced “ecodesign has not brought the competitive 
advantages claimed in the early days of this emerging discipline” (Boks, 2006). 
Therefore, this research aims to investigate the evolution of SD practice towards a scenario 
where sustainability is completely embedded within design practice – Ubiquitous Sustainability 
in Design. To this end, in recent years academic interest has focussed on understanding the 
current state of practice of SD, and evaluating the challenges highlighted by those such as Boks 
(2006) who questioned the effectiveness and uptake of SD practice. 
The literature has highlighted that evidence of the industrial uptake of SD practice within design 
processes has been limited as many companies believe it is a high-risk activity which “broadens 
the horizon [of product design] and is perceived as a challenge to established practice” 
(Spangenberg et al., 2010). It has also been reported that where utilised, SD is not as effective as 
expected, as many existing approaches are unsuitable for use within existing, complex, varied 
and highly specific design processes (Rio et al., 2013). 
In this context, findings from a recent publication by Pigosso & Rozenfeld (2011) clearly and 
effectively summarised a number of the key trends observed in the relevant broad literature 
surrounding the effective implementation of SD, stating that: 
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“…it can be argued that the application of ecodesign has not reached companies 
worldwide over the last decade mainly due to the following factors: 
•	 Existing ecodesign practices are not yet systematized; 
•	 There is intense development of new ecodesign methods and tools in 
detriment to the study and improvement of existing ones; 
•	 There is a lack of integration between ecodesign and the broad context of 
the product development process and product life cycle management; 
… Consequently, there is a need to propose models that help companies effectively 
implement ecodesign in their product development processes. Such a model should 
be based on the systematization of existing ecodesign practices, linking them to the 
company’s development process and strategy and providing guidelines on how to 
implement them”  
Poudelet et al. (2012) also summarised the findings of much of the earlier research in this area, 
stating that “the development of a decision-support system to support an eco-design approach 
must therefore consider the nature of the design work, the sequence of activities, the validation 
process and the shared responsibilities within the corporation in order to be efficient”.  
Noting an ongoing lack of broad based study of such ecodesign practices in industry as a major 
challenge for future research in this field, a recent publication by Deutz et al. (2013) additionally 
enforced the findings of these studies and concluded that “for eco-design to become more 
effective, sustainability needs to be established as a formal functional requirement within a 
structured design process for all products”.  
To address these challenges therefore, a recently emerging field of SD research is beginning to 
explore the supported and systematic integration of sustainability within product development. 
A key review paper from Brones et al. (2014) exploring this area concluded that “the integration 
of the environmental dimension into the project management of new products could increase 
the effectiveness of ecodesign applied in companies. Such a view can be treated as quite new in 
the field of ecodesign literature”. 
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As this work exploring SD integration is such a new area of work, much of the existing literature 
exploring the application of SD has focussed on the development of dedicated design tools, as 
highlighted by Rio et al. (2013) whose paper observed a significant growth in the number of 
publications on ecodesign methods in the preceding five years. However, this growth in tool 
development is increasingly purported to be a key contributing factor in the limited success of 
SD implementation as “the range of approaches described in the literature serves to add to the 
challenge, rather than help meet it… such diversity only adds to the workload of adoption” 
(Knight & Jenkins, 2009). 
With respect to the overall environmental benefits of SD, it has been clearly demonstrated by 
the literature that early intervention is able to have the greatest impact on the final product 
(Bhamra et al., 1999). However, many studies highlight that tools are not being applied early 
enough, and instead are being utilised “at a point in time in the project when no design changes 
are realistically possible.” (Lindow et al., 2013). Therefore, a number of recent studies have 
recognised the need to build sustainability considerations into design at an early stage: 
“Sustainability needs to be recognised as a functional requirement before concept 
generation otherwise there is the danger of its being merely a design criterion (a 
consideration in selecting the preferred solution) rather than a fundamental 
proposition inherent in the generation of potential design solutions… The tendency 
to exclude the environment at the conceptual stage is a fundamental flaw from a 
design perspective. Opportunities for environmental improvement are likely to be 
missed.” (Deutz et al., 2013) 
“The overall aim should be to develop a sustainable product from the early phases 
of design instead of checking retrospectively if the product is sustainable… Future 
research has to focus on approaches that deal with supporting the engineer’s work 
in setting-up the foundation for sustainable products” (Lindow et al., 2013)  
From these various themes identified in the literature it can therefore be seen that in order to 
move towards embedded sustainability within design process, there are a number of clear 
requirements for future research that have been used to form the key assertions presented in the 
following section. 
CHAPTER 2 
  10 
2.4 RESEARCH ASSERTIONS 
The prevailing themes identified in the literature highlight the need for improvement and 
progression of research and practice in a number of key areas to help SD become more effective, 
embedded, and evolutionary. An overview of these terms is illustrated in Figure 2.2, which 
shows how each of the assertions directly addresses a different level of design activity to cover 
strategic through to operational tasks, and thus promote holistic improvement of SD practice. 
The main assertions of this research therefore propose that, if SD practice can be dramatically 
improved in these three area as outlined below, then there will be a significant impact in moving 
towards the ubiquitous consideration of sustainability within design: 
i. Effective SD: SD improvements are not currently having the desired impacts as they 
are often implemented too late in the design process where the opportunity to make 
changes is significantly limited and the overall impact is only incremental.  Therefore, 
one of the key assertions of this research is that in order to help SD fulfil its potential 
and achieve radical reductions in environmental impact, SD needs to be adopted earlier 
within the design process. 
ii. Embedded SD: SD methods and tools are difficult to fit within existing product 
development processes and require a great deal of complexity to implement, extending 
the range of knowledge and expertise required. Therefore, another key assertion of this 
research is that, in order to help companies utilise SD more effectively, and incorporate 
sustainability throughout their product design practices and decisions, SD needs to be 
systematically and purposefully integrated within and alongside existing design 
activities and processes.  
 
Figure 2.2. Research Assertions mapped against Levels of Design Management 
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iii. Evolutionary SD: SD practice is perceived by companies to present challenges to 
established and productive design processes and procedures. Therefore, the third 
assertion of this research is that, pragmatic improvement of design in this context is 
about evolution as opposed to revolution. Thus, in order to help designers embed 
sustainability into their activities, there is a need to explore the expansion and 
adaptation of design processes by equipping the company to be more capable at 
continually and strategically improving their practice. 
2.5 RESEARCH AIMS AND OBJECTIVES 
The overall aim of this research is to explore the opportunities and challenges for embedding 
sustainability considerations throughout design processes by providing a holistic framework – 
consisting of evaluation methods, decision models, and associated recommendations – for 
improved implementation and management of SD within established product design processes.  
In order to achieve this aim, the following objectives will be investigated and carried out: 
1. To review the drivers, challenges and opportunities for SD and to explore the current 
practice of SD including existing tools and methodologies. 
2. To characterise various product design processes, identify the most influential factors 
affecting the incorporation of sustainability throughout design, and develop supporting 
tables for the evaluation of design processes and identification of opportunities for 
improved inclusion of SD. 
3. To create a framework approach for embedding SD into design processes and for 
selection of the most pragmatic and beneficial methods for support and inclusion of 
sustainability considerations in design. 
4. To develop a multi-criteria design decision model to prioritise the recommendations for 
incorporation of sustainability factors within design process. 
5. To test the proposed framework approach using case studies to provide a meaningful 
demonstration of how the developed methods work in practice.  
6. To document the results of the research within a technical thesis and to generate a 
fundamental summary of the research findings and conclusions. 
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2.6 RESEARCH QUESTIONS 
In order to better understand how SD can evolve to become an effective and embedded part of 
product design, this research will address the following key questions: 
• What are the driving factors, key barriers, critical challenges, and future opportunities 
for implementation of SD? 
• What are the common product design process models utilised in practice, and how can 
targeted methods of incorporating SD within these be identified? 
• How can opportunities for implementation of SD be evaluated and prioritised to enable 
selection of pragmatic integrated methods for design improvement? 
• How can we make sustainability a ubiquitous part of product design in the future? 
2.7 RESEARCH SCOPE 
The scope of the research activities associated with the achievement of each key research 
objective is described in the following sub-sections. 
2.7.1 Review Relevant SD Literature and Practice 
A review of SD tools, methods and practice will be conducted to better understand the current 
approaches to SD and their strengths and weaknesses. The drivers for uptake of SD will also be 
reviewed in order to understand the challenges, opportunities, and factors that may influence 
future uptake and practice of sustainability within design. 
Furthermore, the existing applications of SD methods will be reviewed, with particular attention 
given to the challenges of integration within various contrasting product development chains 
and industrial sectors. The benefits and limitations of these practices will also be explored in 
order to identify areas for improvement. 
The literature review will also investigate the influence of Governmental drivers, and Customer 
demand through mechanisms such as product legislation, eco-certification and user focussed 
co-creation. By obtaining a better understanding of the current drivers of SD, this research will 
focus on identifying future challenges and factors that may shape SD practice moving forwards. 
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2.7.2 Develop a Method for Evaluation and Classification of Design Processes 
A method for systematic, theoretical investigation and assessment of design processes will be 
developed by exploring the most influential factors representing the barriers and opportunities 
for incorporation of sustainability in design. During the investigation established design 
processes will be assessed in greater detail to identify opportunities for expansion that will allow 
improved integration of sustainability during product design. To facilitate this, the research will 
create simple tables that enable a structured approach to appraisal of design activity, and the 
evaluation of established design processes based upon a number of key criteria. The information 
collected through these tables will help to assess where potential SD interventions would be 
most beneficial within design activity. They will also help to identify any key features in place 
within existing processes that can be readily used to expediently incorporate sustainability 
considerations, thus improving and expanding the practice of SD. 
2.7.3 Generate a Framework for Embedding Sustainability in Design 
A framework for incorporating sustainability throughout product design processes will be 
developed through which recommendations for targeted and pragmatic SD interventions can be 
generated. The framework will employ a systematic process, utilising information from the 
process evaluation to identify opportunities and challenges for the implementation of SD based 
on the requirements of a specific product type, and on the features of a specific design process. 
By investigating the expansion of existing, well-used and well-supported processes, this research 
will also explore the feasibility of enabling a transition towards improved SD decision-making 
that can be put into practice in the short term. This will help to identify the initial steps towards 
a longer-term evolution – towards ubiquitous consideration of sustainability within design. 
2.7.4 Develop a Design Decision Model for Assessment and Prioritisation of SD 
Improvement Recommendations 
To enable selection of the most effective and pragmatic methods for embedded SD in a 
particular company, a multi-criteria assessment in the form of a decision model will be 
developed. This will use expert input to prioritise the opportunities for SD intervention 
identified by the process evaluation, and provide a targeted list of recommendations ranked 
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based on their feasibility and potential benefits, highlighting customised and strategic methods 
for the inclusion of sustainability considerations within the design chain being targeted. 
2.7.5 Test the Embedded Sustainability Framework through Case Studies 
In order to assess the validity of the framework, and the tools and methods developed, these will 
be applied in a number of case studies. The case studies will use data from industrial trials and 
the literature to evaluate various product development scenarios and identify areas for design 
improvement and sustainability intervention. The results from the case studies, and relevant 
observations gained through application of the framework, tools and methodologies, will be 
used to assess the benefits and limitations of this research. This will allow refinement and 
further development of the concepts, and for enabling identification of opportunities for further 
improvement and future research. 
2.7.6 Document Research Work within a Thesis 
A summary of the work completed, and the key findings and conclusions drawn from the 
research will be written into this thesis in order to present the research to a wider audience, and 
for consideration for the award of a Doctorate in Philosophy. This thesis details the research 
assertions, aims, objective and methodology that lead to the development of the framework and 
corresponding tools and methods. It will outline the research work undertaken, describe the 
results of the testing of this work, and put forward areas for further consideration and 
investigation in the on-going research work required to achieve ubiquitous sustainability in 
product development in the future. 
2.8 CHAPTER SUMMARY 
In this chapter the context and scope of the research was identified, and the key assertions of 
this thesis were outlined highlighting that there is a need for new approaches to the integration 
of SD within existing, established design processes and that sustainability needs to become 
incorporated as a part of current practice from the earliest stages of design. The research 
questions that have driven the investigations were stated and following this, the research aims 
and objectives were put forward and used to generate and outline the scope of the research. 
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The following three chapters support this definition of research and address the first objective, 
providing a review of the literature in three critical areas of: The historical and future drivers for 
SD; Tools, methods and practice of SD; and Methods for the implementation of SD in design 
processes. The final chapter within this section outlines the research methodologies adopted to 
conduct the work reported in the following section, in which theoretical research, model 
development, and case studies addressing objectives 2-5 are described. 
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3. A REVIEW OF DRIVERS FOR SUSTAINABLE DESIGN  
3.1 INTRODUCTION 
This chapter presents a review of the range of factors that have driven the proliferation of SD 
research and practice over recent decades. It is important to identify and explore these key 
issues in order to gain an understanding of the need for SD as well as the reasons that drive 
companies to undertake SD activities. This chapter begins with a brief overview of the past, 
present, and future ecological considerations shaping the field of sustainable development. It 
continues by discussing the governmental and political drivers shaping sustainable product 
design, with a specific focus on product related legislation. Finally, the consumer related drivers 
for SD are explored and the various schemes available for environmental product certification 
and labelling are discussed.  
3.2 A REVIEW OF DRIVERS FOR SUSTAINABLE DESIGN 
A review of SD practice has found that companies undertaking SD activities are primarily driven 
to do so in order to comply with regulations, or address customer demand. (Deutz et al., 2013; 
Short et al., 2012; Boks, 2006; van Hemel & Cramer, 2002; Akermark, 1999; Argument et al., 
1998; Porter & van der Linde, 1995; Roy, 1994)From this it can be seen that uptake of SD is 
largely considered as a reactionary activity, and as such these endeavours often lack long-term 
perspective, as opposed to being a part of a strategic plan.  
In order to understand the key factors that have driven this behaviour, these regulatory and 
customer drivers were explored alongside an investigation of the ecological drivers that shaped 
them, and will continue to shape future developments in this area. 
3.3 ECOLOGICAL DRIVERS 
Awareness of environmental issues has been rising slowly for many years, however, this has 
accelerated greatly in recent years as scientific studies and the economic effects of ecological 
issues have highlighted the scale of the challenges ahead and shifted governmental and public 
focus towards more sustainable development and securing the future.  
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3.3.1 Climate Change and Sustainable Development 
Environmental factors were first brought to a wide audience during the 1960s after the 
milestone release of ‘Silent Spring’ (Carson, 1962) raised awareness and sparked a wave of 
‘green’ movements and changes in government policies. In the following decades, research 
efforts sought to better understand ecological factors and during the 1980s the release of 
Brundtland Report set the tone for the sustainability efforts to follow, defining sustainable 
development as: "development that meets the needs of the present without compromising the 
ability of future generations to meet their own needs" (World Commission on Environment and 
Development, 1987). 
In the present day, the effects of environmental damage are visible not only in a changing 
climate, air pollution and loss of biodiversity, but in economic factors that are affecting 
manufacturing companies and driving changes to their practice. Examples of these are rising 
energy costs, rising material costs, and in some cases resource shortages in materials such are 
rare earth magnets which are causing supply fluctuations and soaring prices. To date, these 
pressures have driven a great deal of reactionary work in eco-efficiency of related industrial 
operations to reduce the use of energy and materials, and to find alternative materials and 
solutions where costs have become prohibitive. 
3.3.2 Future Ecologically Driven Pressures 
In the future it is predicted that these environmental pressures will only increase, and in light of 
this many governmental and corporate organisations have undertaken forecasting and 
assessment activities to understand how the world might change in the coming decades (UNEP, 
2012; OECD, 2012; WBCSD, 2010; European Commission, 2010; DTI, 2002). A number of 
these studies can be used to identify and summarise the following major trends that will directly 
impact manufacturing and product development in the future: 
• Global consumption will continue to rise, driven by a growth in worldwide population 
and aided by emerging markets and higher living standards in developing countries, 
and an ageing population in developed countries. 
• Resource depletion, in addition to energy and water scarcity will continue to cause 
supply and cost problems. 
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• Society will be greatly affected by the changing social factors, a changing climate, 
growing urbanisation and challenges with food production and developing 
infrastructures to support an improving quality of life.  
This clearly shows that the future will bring a lot of societal, as well as industrial changes, the 
nature of which are still very uncertain (Rahimifard et al., 2013). As more becomes known of the 
scale of the environmental damage we are causing, it has become increasingly evident that 
although large improvements have been seen (UNEP, 2012; DECC, 2012), current efforts will 
not meet the required targets (UNEP, 2011). A demonstration of this ‘gap’ between the 
improvements needed and current performance are illustrated in   
Figure 3.1.  
Reports such as the Stern Review (Stern, 2007), a comprehensive and pivotal governmental 
study, cite the need for a more than 80% reduction in current impacts in order to mitigate the 
effects of our current damage, and it is widely acknowledged that meeting such high targets in 
the near future will require a strategic, integrated, and radical approach, and a drastic change to 
current production and consumption behaviours. 
 
  
Figure 3.1. The Environmental Impacts Gap 
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3.4 GOVERNMENTAL AND POLITICAL DRIVERS 
As scientific research has built a clearer picture of the environmental challenges ahead, 
governmental organisations have responded in a variety of ways to try and incorporate 
ecological concerns into their legislations and policies. Milestones such as the Brundtland 
Report, global meetings such as the UNFCCC Rio Earth Summit (United Nations, 1992) and 
agreements such as the Kyoto Protocol (United Nations, 1998) have filtered down to a wide 
range of national policies implemented by governments across the world. These policies have in 
turn driven changes to the way businesses behave as they become constrained by the 
implementation of various specific legislations and directives. It is these regulatory drivers that 
directly affect product development and are intended to alter and improve the way companies 
design, manufacture and recycle products. 
3.4.1 Environmental Legislation and Product Development 
A large number of environmental legislations exist in various countries to control a range of 
different sectors, and different subjects such as minimising greenhouse gas emissions (Her 
Majesty's Stationery Office, 1993), restriction of hazardous substances (European Parliament 
Council, 2006) or simply promotion of effective utilisation of resources (Ministry of Economy, 
Trade and Industry, 2000). With respect to product development however, there is a specific 
category of legislation known as ‘Extended Producer Responsibility’ (EPR) regulations that have 
become the most influential in affecting SD practice, and are aimed directly at changing how 
products are designed and manufactured to improve their environmental performance (Lewis et 
al., 2001). 
EPR is based on ‘polluter pays principles’ (OECD, 1992) and the associated regulations set 
specific, compulsory requirements for companies that detail the level to which they are 
responsible for the environmental impacts of their products. They aim to encourage 
environmental design by prompting consideration of factors such as selection of materials and 
production processes, and the use and disposal of the products (OECD, 1998). Two influential 
examples of EPR legislation can be found within the European Union (EU): the Waste Electrical 
and Electronic Equipment (WEEE) directive (European Parliament Council, 2003), and the 
End-of-Life Vehicles (ELV) directive (European Parliament Council, 2000). In both cases, these 
CHAPTER 3 
  20 
directives require manufacturers to take responsibility for their end-of-life (EOL) products, 
arranging for their collection from the consumer, and meeting pre-prescribed recycling targets.  
Whilst EPR has been particularly prevalent in European countries, the effects of these local 
legislations are spreading to businesses elsewhere in the world that wish to export to the 
countries where these regulations apply, and many of the European Directives now also have 
similar counterpart legislations in North American and Far Eastern countries (Lewis et al., 
2001).  
In addition to EPR regulations, there are also a small number of less prescriptive policies in 
force that have been created in various countries to help inform more environmentally 
conscious product development. One example of this is the European Ecodesign Directive that 
targets Energy-Using Products (EUPs) and other Energy Related Products (ERPs) (European 
Parliament Council, 2009). This directive does not set quantitative targets, but instead provides 
a framework to help manufacturers adopt changes during their design process. In this case, the 
aim is to help reduce the energy consumption and other negative environmental impacts of the 
final products. 
3.4.2 Future Legislative Pressures 
Although enforced regulations such as EPR only aim at driving reactionary measures, they 
remain part of core governmental strategy due to their wider effect in enforcing uptake as the 
first steps towards environmentally focussed activities. More recently however, governmental 
organisations are beginning to realise that they need to think more strategically in order to 
achieve the required radical reductions in impact, and they are beginning to cite design and 
innovation as core strategy for the future (Office of Science and Technology, 1998; UNEP, 2012; 
European Commission, 2010) with one recent European report stating “never before has so 
clear an opportunity existing as now… to take bold action to enable a new level of awareness 
about the importance of design as a driver of user-centred innovation across Europe” 
(European Commission, 2012).  
Many of these studies have also been discussing the need for a more unified and holistic mix of 
global policies in the future to meet higher sustainability targets (Hecht et al., 2012). In 
particular, the European Union (EU) are working on an Eco-Innovation Action Plan (EcoAP) 
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(European Commission, 2011) which hopes to create new policies, legislations and standards 
with the aim of supporting European businesses and encouraging cooperation and skills transfer 
to promote environmental design innovation. This could see new types of regulations affecting 
design processes in businesses worldwide, and it will be important for businesses to consider the 
emerging work this EcoAP as it will likely drive the shape of SD practice in the future, in much 
the same way as existing EPR regulations have in the past. 
3.5 CONSUMER RELATED DRIVERS 
Historically, it can be seen that environmental awareness amongst consumers and the general 
public began to come to the surface during the 1970s when the first oil shock occurred and 
pressure groups such as Greenpeace were founded (Weyler, 2004). This very quickly led to 
‘green consumers’ and ‘green marketing’ (Kinnear et al., 1974) and from the speed of this 
reaction it can be seen that – in contrast to governmental reactions which were not significant 
until the 1980s or 1990s – customer demand has the potential to be a very agile and powerful 
driver for change. As such, a very large body of work exists across many fields of research 
containing studies into customer behaviour and preferences (Foxall, 2003; Sheth et al., 1991), 
and the recent focus on sustainability has generated a substantial amount of related research in 
a subset of environmental areas, such as green marketing and consumption (Young et al., 2010; 
Spangenberg et al., 2010; Straughan & Roberts, 1999).  
3.5.1 Customer Demand for Sustainability 
A recent study conducted by Oehme & Kemp (2013) found a positive correlation between 
increased eco-activities and sales, and various studies often show that many customers are well 
intentioned and would often prefer to choose environmentally friendly products (Chen et al., 
2012; Ginsberg & Bloom, 2004). In addition, studies conducted recently in supporting areas 
such as ethical and fair trade purchasing show very positive results with respect to consumer 
tenacity in selecting more environmentally and socially beneficial products even in the face of 
adversity in the present economic downturn (Lindenmeier et al., 2012; Bondy & Talwar, 2011). 
However, many of these same studies also demonstrate that these intentions are not translating 
to the same dramatic results in practice due to complex trade-offs and perceptions of differing 
quality and performance (Young et al., 2010; Ginsberg & Bloom, 2004). From this it can be seen 
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that it is important to be able to decouple the understanding that environmentally friendly 
means a more expensive, or lower quality product, and to communicate to the customer that 
high standards are still being met with respect to quality and performance, alongside beneficial 
environmental improvements. 
3.5.2 Eco-Labelling, Standards and Certification  
For companies who wish to be proactive in this area, there are a number of more formalised 
methods available which help to appeal to their customers’ desire to purchase more responsible 
goods. These often take the form of organised voluntary schemes such as product certification, 
eco-labelling and industry standards which enable companies to clearly communicate that a 
certain environmental standard is being maintained by measuring themselves against specific 
predefined targets. This offers a simple method to show customers that the product, and by 
extension the company, are environmentally conscious. 
Industry standards are created by governing standards bodies and intended to promote best 
practices, typically providing general supportive information for companies who wish to 
improve design practice in a certain area. For example, ISO/TR 14062:2002 details the process 
of integrating environmental aspects into product design and development (ISO, 2002).  An 
excerpt from this standard is shown in Figure 3.2, which shows the stages of the product design 
process and some examples of possible actions a company could take to integrate SD. This 
demonstrates the type of high-level general guidance offered to companies by these standards, 
providing supportive information to help them tailor their own solutions. 
Eco-labelling and product certification are similar in nature, however, the information given is 
more specific and products are required to conform to clearly defined criteria in order to achieve 
certification, or be awarded an eco-label. For example, the EPEAT (Electronic Products 
Environmental Assessment Tool) register (EPEAT, 2010) is an environmental rating system that 
uses a number of criteria based on IEEE (Institute of Electrical and Electronics Engineers) 1680 
Family of Standards for Environmental Assessment of Electronic Products (IEEE, 2009) to give 
gold, silver or bronze status to different products based on a number of characteristics covering 
their full lifecycle. 
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Figure 3.2. Example of a Generic Model of Integrating Environmental Aspects into the Product 
Design and Development Process (ISO, 2002). 
 
In contrast to standards which are created by central governing bodies to improve operating 
procedures within industry, labelling and certification schemes are created by third party 
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organisations and are intended to help improve product image, increase sales and raise 
consumer awareness whilst protecting the environment and directing manufacturers to account 
for the environmental impact of their products (OECD, 1991). 
A large number of academic and governmental studies exist which assess the impacts of eco-
labels (Søndersko & Daugbjerg, 2010; OECD, 2005; Erskine & Collins, 1997; Mattoo & Singh, 
1994). These studies report great difficulty in measuring the effectiveness of the schemes due to 
a large range of external influencing factors, however, they present very similar findings 
demonstrating variable success with consumers depending on how well the individual scheme is 
managed, and little evidence of significant environmental benefits depending on consumption 
patterns and the requirements of the specific labels. 
3.5.3 Future Consumer Demands 
Taking these lessons forwards, it can be seen that consumers are responsive to these schemes 
under the right conditions; however, good management and communication are key to ensuring 
success. With many companies reporting that they expect their future business success to be 
dependent upon both engagement with consumers, and sustainability activities (Sheth et al., 
2011; Lacy et al., 2010) it can be seen that these issues are becoming even more pertinent. More 
companies will begin to address consumers as part of their key strategy in the future and this 
will require more effective solutions and better industrial management. Strategies will need to 
integrate and link forward thinking sustainability approaches with consumer engagement, and it 
will become very important for companies to learn to better involve wider stakeholders in order 
to communicate a clear strategic message and build stronger relationships.  
3.6 CHAPTER SUMMARY 
The review of drivers for SD presented in this chapter provides critical background for this 
research. A number of ecological and political factors were identified that have resulted in 
economic and legislative pressures for companies, and driven consideration of sustainability 
factors across various areas. The future challenges and developments in these areas were also 
discussed to identify how the need for sustainability interventions will increase driven by 
economic and legislative pressures in coming years, and to demonstrate the need for widespread 
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adoption of SD. This chapter will therefore help to inform the design of the framework, to 
understand the motivations for companies undertaking SD improvement, and identify key areas 
for change and prioritisation to help businesses remain competitive and resilient in the face of 
an uncertain future.  
The following chapter follows on from this and beings to address the direct context for this 
research, exploring SD tools, methods and practice in order to understand the various 
mechanisms available for SD utilisation and the challenges faced during implementation within 
companies. 
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4. A REVIEW OF THE TOOLS, METHODS AND PRACTICE OF 
SUSTAINABLE DESIGN  
4.1 INTRODUCTION 
This chapter explores the various methods used for implementation of SD in product 
development, and the application and practice of SD within manufacturing companies. By 
understanding the state-of-the-art of SD, it is possible to assess the strengths and weaknesses 
and identify why SD practice is not living up to expectations. As such, this chapter attempts to 
assess and understand the existing tools and methodologies used for application of SD, and to 
explore how and why SD is utilised in industry in order to identify the reported obstacles to its 
implementation, the challenges in its use, and the opportunities for the future. 
This chapter begins with an overview of the development of environmental and sustainable 
design processes, and goes on to discuss the requirements of sustainable products and the 
various types of deign methods and tools available for conducting SD. It then continues by 
presenting overviews of product design processes, the effects of SD inclusion within these, and 
the effects of enforced environmental legislations, as discussed in Chapter 3. The final section 
goes on to detail the challenges presented by inherent company structures and design chains, 
and the chapter concludes with a discussion about the importance of the various actors and their 
roles within SD. 
4.2 A REVIEW OF THE TOOLS, METHODS AND PRACTICE OF SUSTAINABLE DESIGN 
It is commonly known that embedding sustainability into product development is an area of 
great potential for improving the environmental impacts of a product across its life cycle as the 
design phase of development alone is responsible for the majority of the environmental impact 
of a product (Poudelet et al., 2012; Tischner, 2001; Keoleian & Menerey, 1994; Fabrycky, 1987). 
One study in particular identified that even as much as 80% of the total impact is decided after 
only 20% of the design activity has been undertaken (Otto & Wood, 2001).  
Figure 4.1 highlights the cumulative ‘lock-in’ of the environmental impact of a product over the 
course of its lifecycle, illustrating that the chances for environmental improvement decrease as a 
concept is developed. This is often referred to as the ‘design paradox’ (Poudelet et al., 2012) and 
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occurs because design freedom decreases and product knowledge increases as development 
progresses and decisions are made which lock-in impacts – a challenge shared with many other 
factors such as cost, manufacturability, modularity etc. In this context however, this paradox 
demonstrates the great potential that SD has to influence the environmental impact of a 
product, particularly if it is effectively applied early on in the process. This highlights the root 
of the first founding assertion of this research (as outlined in Section 2.4) and helps to shape the 
investigations reported in this chapter, which explores the current practice of SD. 
At present within industry, although environmental factors related to manufacturing activities 
are widely known and understood, design activity is comparatively little understood or utilised. 
A recent report by the European Commission (EC) highlights that while the situation is 
improving, around a third of companies still fail to include design as a critical factor during 
product development (European Commission, 2012). Studies in this area have found that there 
is a general lack of understanding of the purpose and benefits of design activities, particularly 
SD activities (Deutz et al., 2013; Boks, 2006; Ehrenfeld & Lenox, 1997). These studies also show 
that unless they are covered by regulations, many companies are unaware of the critical 
environmental factors associated with their products, and are unwilling to implement activities 
with unclear economic benefits and long pay off periods. This demonstrates a great opportunity 
for improvement of SD in practice, highlighting the potential to realise radical changes if 
improvements can be made to design activity.   
 
Figure 4.1. Conceptual representation of environmental 'lock-in' over a product's lifecycle. Adapted 
from (Lewis et al., 2001) 
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4.3 EVOLUTION OF THE SD PROCESS 
One of the earliest examples of the integration of environmental concerns into product 
development was Design for Environment (DfE) (Leonard, 1991). DfE was part of a number of 
‘Design for X’ (DfX) methodologies developed in the 1980s and 1990s (Kuoa et al., 2001) using 
principles first laid out by Boothroyd and Dewhurst in their Design for Assembly (DfA) 
framework (Boothroyd et al., 1994). These principles laid out a simple and transferable 
methodology for embedding specific considerations into product design, leading this 
propagation of new DfX tools that incorporated key factors prevalent at the time. Initially these 
tools were aimed at improving quality and reducing cost firstly in manufacturing, and secondly 
in considering EOL factors; the former driven by rising energy and material costs and the latter 
by the implementation of EPR legislations. 
In recent years however, the focus on sustainability has led to vast growth in environmental 
design activities. As such, DfE has expanded and become more commonly referred to as 
‘ecodesign’, which is the general term given to tools and methodologies that focus on improving 
the ecological aspects of a product. Sustainable design, also known as Design for Sustainability 
(DfS), builds on ecodesign concepts but additionally takes into account economic and social 
considerations and aims to generate solutions that consider the whole life cycle of the product 
(Bhamra & Lofthouse, 2007). An illustration of the difference in these approaches, and the 
challenge in reaching SD is shown in Figure 4.2. In practice however, it has been seen that 
throughout environmental design fields, a number of different terms are used interchangeably 
(Birch et al., 2012; Karlsson & Luttropp, 2006; Madge, 1997). For the purpose of this thesis, the 
definitions above will be used; however, this confusion of terms highlights the need for a clear 
language across disciplines that will enable a common understanding between practitioners. 
Despite formal SD tools emerging as late as the 1990s, the need for a holistic sustainable 
approach is a concept that is almost as old as the industrial design profession itself with early 
environmental pioneers such as William Morris voicing their concerns from the outset – even 
during the industrial revolution. It was not until the 1960s and 1970s however, that 
environmental issues were brought to public eye and designers such as Victor Papanek and 
Richard Buckminster Fuller (Fletcher & Goggin, 2001). 
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Figure 4.2. The DfS Challenge (Spangenberg et al., 2010) 
 
These early advocates are widely credited for initiating the first wave of environmentally 
conscious ‘green’ design; the second being ecodesign, and the third being broader sustainable 
design (Keitsch, 2012). The principles put forward by Papanek (1971) and Buckminster Fuller 
(1981) have thus since been incorporated into many philosophies and frameworks used by the 
following generations of designers, and continue to be championed by other leaders of the field 
such as Dieter Rams’ ‘Ten Principles for Good Design’ (Rams, 2012) and Michael Braungart and 
William McDonough’s ‘Hannover Principles’ (McDonough, 1998). 
To support and develop these philosophies, a number of organisations have begun to emerge in 
recent years that aim to bring together practitioners of SD, and enable people to share ideas and 
gain expertise from one another (Spangenberg et al., 2010). One example of this, The Designers 
Accord, encourages members to adopt a “Kyoto Treaty” of design that specifies a particular 
ethos and behaviour around SD (The Designers Accord, 2007), as shown in Figure 4.3. 
As the field of environmental design has evolved over the years, it can be observed that the scope 
has continually expanded to encompass a broader set of issues in an attempt to reach the roots 
of the problem – beginning with green design and moving onto ecodesign, and finally 
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sustainable design (Argument et al., 1998). This suggests that the scope of SD will continue to 
expand, and the focus on customers observed in future business strategies is supported by the 
diagram shown in Figure 4.3, which demonstrates that ‘people’ will be an important area for 
further development moving forwards in order to create useful, profitable and sustainable 
products.  
4.4 SUSTAINABLE PRODUCTS 
In order to design sustainable products, it is important to understand the factors that make a 
product sustainable, and to integrate these into product development alongside the remaining 
wider considerations of design, as shown in Figure 4.4. As such, a large volume of research has 
been conducted over many years into the critical environmental factors that need to be 
considered during design. These considerations have in turn been collated and summarised in a 
number of useful reference books that offer simple guidance on conducting SD (Bhamra & 
Lofthouse, 2007; Walker, 2006; Lewis et al., 2001). In general, these books and approaches 
tend to focus on simple, key environmental design attributes such as those described by (Ryan 
et al., 1992), namely: 
1. Energy: reducing fossil fuel use. 
2. Resources: reducing resource use. 
3. Materials: use of environmentally appropriate materials 
4. Emissions: reducing harmful waste emissions. 
 
Figure 4.3. The Designers Accord Design Thinking (The Designers Accord, 2007) 
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Figure 4.4. Merging the Environment into the Classical Product Development Cake (Luttropp & 
Lagerstedt, 2006) 
 
Perhaps the most concise yet comprehensive collection of guiding principles was put forward by 
Luttropp & Lagerstedt (2006) who suggest ‘Ten Golden Rules’ for applying ecodesign. This 
approach is shown in Figure 4.5, where the rules are organised according to the life cycle of a 
product. When applied, these rules are intended to prompt specific consideration for each area, 
and are accompanied by a brief description of each rule that offers guidelines and examples for 
application. 
With respect to addressing the full scope of the lifecycle in this way, it has been reported that in 
practice ‘sustainable products’ often only incorporate considerations of one or two 
environmental dimensions, and that many do not seem to address all the life cycles phases 
(Ehrenfeld & Lenox, 1997). Similarly, with respect to integrating these considerations alongside 
more traditional factors, many similar studies have also reported that the current focus for 
sustainable products is on addressing the environment, but little consideration is given to the 
design process as a whole (Deutz et al., 2013; Lofthouse, 2004), and these same studies often 
indicate that conducting SD activities is most successful when environmental considerations are 
integrated early on, and included throughout and alongside the remaining product development 
activities (Luttropp, 2001; Sherwin & Evans, 2000; Bhamra et al., 1999). 
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Figure 4.5. Ten Golden Rules "Swiss Army Knife" Approach (Luttropp & Lagerstedt, 2006) 
 
From this is can be concluded that there is a need to focus on creating better design as opposed 
to simply better environmental consideration. This is identified in a number of studies of SD 
implementation which recommend that environmental considerations should not be considered 
separately, but embedded completely and taken into account alongside other product 
development considerations as part of a multi-criteria approach (Bovea & Pérez-Belis, 2012; 
Poudelet et al., 2012; Tingström & Karlsson, 2006; Lofthouse, 2006; Kaebernick et al., 2003). 
This highlights the root of the second assertion of this research (as outlined in Section 2.4) and 
identifies that there is a need to better understand existing product development processes in 
order to discover how environmental considerations can be strategically embedded and 
integrated into design practice. 
4.5 SD TOOLS AND METHODS 
There are a wide range of specific, stand-alone tools available for the practical implementation 
of ecodesign and sustainable design considerations in product development. These enable 
sustainability to be formally considered during design activities and offer guidance for making 
more environmentally sound decisions. Although a small number of these take economic factors 
into account, very few incorporate the social considerations required for true sustainable design, 
and as such, these tools can only be considered as ‘ecodesign’ tools. 
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4.5.1 Classifications of Existing Ecodesign Tool 
Existing ecodesign tools utilise a range of approaches that can be broadly divided into six 
different categories as discussed by (Baumann et al., 2002). Overviews of these categories and a 
number of examples of their corresponding tools are shown in Table 4-1. 
Each of these different types of tools each utilise different types of data input/output and involve 
varying levels of complexity. In this context, Figure 4.6 highlights a number of more established 
methodologies and their relative difficulties and input types. 
 
Table 4-1. EcoDesign Categories and Example Methodologies 
CATEGORY DESCRIPTION EXAMPLE METHODS/TOOLS 
Frameworks 
 
 
Offer general guiding ideas about 
key considerations that should be 
taken into account during product 
development. 
Cradle-to-Cradle (Braungart & McDonough, 2010) 
Design for X (DfX) 
  - Recycling (DfR) (Henstock, 1988) 
  - Life Cycle (DfLC) (Alting, 1991) 
  - Environment (DfE) (Leonard, 1991) 
Analytical Tools Comprehensive, quantitative tools 
for evaluating and measuring the 
environmental performance of 
products. 
Life Cycle Analysis (LCA) (ISO, 2006) 
Risk Analysis 
Total Cost Assessment 
Checklists and 
Guidelines 
Qualitative tools used to check 
whether the product is meeting a 
set of targets or requirements. 
Can also be semi-quantitative if 
they incorporate numerical 
performance criteria. 
MET Matrix (Brezet & van Hemel, 1997) 
10 Golden Rules (Luttropp & Lagerstedt, 2006) 
Phillips Fast Five (Meinders, 1997) 
ERPA (Graedel & Allenby, 2003) 
Rating and 
Ranking Tools 
Simple, quantitative tools, which 
utilise a pre-specified scale for 
assessment allowing direct 
numerical representation of 
simple metrics. 
Eco-Compass (Fussler & James, 1996) 
MiPs (Schmith-Bleek & Tischner, 1995) 
LiDS Wheel (Brezet & van Hemel, 1997) 
Econcept Spiderweb (Tischner et al., 2000) 
Software and 
Expert Systems 
Intended to be simple to use and 
to handle large amounts of 
environmental information, 
avoiding the need for elaborate 
data collection. 
SimaPro (PRé Consultants) 
GaBi (PE International) 
ECO-it (PRé Consultants) 
PILOT (Wimmer et al., 2004) 
Organising Tools Give direction on how to optimally 
organise tasks. 
Custom and specific to each company and 
application. 
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Figure 4.6. Classification of Ecodesign Tools - Difficulty vs. Input type (Sheldrick & Rahimifard, 
2013) 
Many of these existing tools are each able to be applied at different stages of the design process, 
and they each address different product life cycle phases with differing ecological priorities 
(Ehrenfeld & Lenox, 1997). This enables them to not only be used in isolation, but also to be 
used concurrently with others (Jones et al., 2001). For example, Design for Recycling (DfR) 
(Henstock, 1988) provides general guidelines for best practices, is usually applied during the 
detail design phase and focuses on EOL. In contrast, the MET (Material Energy and Toxicity) 
matrix (Brezet & van Hemel, 1997) provides a framework for structured analysis against guiding 
criteria, can be used from the initial design stages onwards, and considers the entire life cycle of 
the product.  
Studies conducted into the implementation of ecodesign tools have found that many companies 
who wish to formalise the consideration of ecodesign within their development process will 
create their own tools to address their critical issues specifically, and to fit within existing 
frameworks and procedures (Luttropp & Lagerstedt, 2006). To make this transition more 
simple, there have also been a number of tools developed which are based on existing, well used 
design methodologies that are amended to include environmental considerations; such as Eco-
QFD (Kaebernick et al., 2003), and House of Ecology (HoE) (Halog et al., 2001). 
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4.5.2 Application of Ecodesign Tools 
It has been observed by a number of sources that there is a large body of literature offering 
examples of how to perform SD, and theoretical or practical applications of various ecodesign 
tools (Deutz et al., 2013; Chen et al., 2012; Knight & Jenkins, 2009; Lindahl et al., 2005). It has 
also been seen that there are a large number of studies that categorise and compare various 
ecodesign tools against different criteria (Rio et al., 2013; Poudelet et al., 2012; Birch et al., 
2012; Bovea & Pérez-Belis, 2012). However, a large number of papers in this area have 
additionally found that little work has been done to evaluate and assess the actual applications 
of ecodesign, particularly in industrial environments, and as such, there is a limited 
understanding of the performance and extent of application of SD or ecodesign tools (Deutz et 
al., 2013; Chen et al., 2012; Boks, 2006; Lindahl et al., 2005; Baumann et al., 2002). This 
demonstrates a large knowledge gap and a need for a better understanding of how SD tools are 
applied in industry. 
From the body of work described above however, a number of common themes emerge and 
conclusions can be drawn about the applicable scope of existing tools and methodologies, as well 
as their perceived strengths, weaknesses, and potential effectiveness: 
i. Tools are often applied too late in the design process, providing limited potential to 
significantly decrease the environmental impacts of the product (Lindow et al., 2013; 
Lindahl et al., 2005; Man et al., 2002; Ehrenfeld & Lenox, 1997). 
ii. Many tools only address a single environmental objective with very few considering the 
whole lifecycle (Boks, 2006; Ehrenfeld & Lenox, 1997). 
iii. Tools require significant amounts of knowledge, demand a lot of data screening, and 
can become very time consuming (Wright & Rahimifard, 2012; Lofthouse, 2006; 
Ehrenfeld & Lenox, 1997). 
iv. Tools present conflicting considerations and confusing trade-offs with little guidance on 
decision making (Birch et al., 2012; Chen et al., 2012; Byggeth & Hochschorner, 2006; 
Lofthouse, 2006; Luttropp & Lagerstedt, 2006; Berchicci & Bodewes, 2005). 
v. Tools have to be customised prior to implementation to meet the specific needs of a 
particular company, or product type (Rio et al., 2013; Knight & Jenkins, 2009; Boks, 
2006; Luttropp & Lagerstedt, 2006). 
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vi. Tools do not fit well with existing design models and processes, and it is difficult to 
exchange data between them and other design tools (Rio et al., 2013; Bovea & Pérez-
Belis, 2012; Ehrenfeld & Lenox, 1997; Boks, 2006; Tingström & Karlsson, 2006). 
These points identify the key challenges and limiting factors of existing SD tools, highlighting a 
number of areas for further investigation, and enforcing the key research assertions of this work 
(as outlined in Section 2.4), as well as identifying the core considerations that have been used to 
shape development of the framework outlined in this thesis. This summary also shows that there 
is a need to better understand the requirements of industry, in order to widen the scope of these 
tools and increase their flexibility, to ultimately improve integration within real product 
development processes. 
4.6 EVOLUTION IN INDUSTRIAL PRODUCT DESIGN PRACTICE  
Product design and development is a vast area of research in both academia and industry. It is 
critical to the success of a business that the product design process is efficient and effective to 
reduce development costs and time to market, therefore, it has been very important for 
companies to understand and control these processes. 
4.6.1 Established Product Design Processes 
A vast number of different product design approaches have been generated and discussed in the 
literature over the years, such as the seminal works by Ulrich & Eppinger (2000) and Pugh 
(1986) who described product design as “the systematic activity necessary, from the 
identification of the market/user need, to the selling of successful product to satisfy that need – 
an activity that encompasses product, process, people and organisation” (Pugh, 1991). 
Figure 4.7 illustrates the typical stages of product design in a generic process. The design 
process however exists in many different guises, and the final structure of any given design 
process can depend upon the specific actors and application, with the various stages often 
customised to fit the needs of different companies and products (Wynn & Clarkson, 2005). To 
this end though, studies have shown that, although this process varies depending on the detail, 
the main overarching stages of work are often the same in many applications, and even across 
different disciplines – from art to engineering (Howard et al., 2008). 
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Figure 4.7. Generic Product Design Process (Ulrich & Eppinger, 2000) 
In the context of more industrially focussed, engineering design, these basic stages can be 
broadly and briefly described as follows: 
• Planning involves identifying the problem, market needs, and product requirements. 
• Concept Development involves brainstorming and forming targeted initial ideas. 
• System Level Design involves further research and development of ideas in more detail. 
• Detail Design involves finalising the details of the materials and processes. 
• Testing and Refinement involves building prototypes and seeking approvals. 
• Production Ramp-up involves liaising with manufacturing to prepare finalised designs. 
To support the customisation of these stages – and therefore the design of different types of 
products, and the support of different methods of problem solving – a vast range of different 
design process models have been suggested in the literature, and continue to be developed and 
discussed in dedicated journals and publications such as the Journal of Engineering Design 
(Taylor & Francis, 2015), and Design Studies, (Elsevier, 2015) and even specialist publications 
such as the Journal of Integrated Design & Process Science (IOS Press, 2015) and a range of 
international conferences. The development of design process models remains an extensive and 
increasingly complex area of work. 
The applicability of many of these more broad definitions of design models however have been 
challenged in the literature, with Lawson (2005) exclaiming that they are “about as much help 
in navigating a designer through his task as a diagram showing how to walk would be to a 
one year old child ...Knowing that design consists of analysis, synthesis and evaluation will no 
more enable you to design than knowing the movements of breaststroke will prevent you from 
sinking in a swimming pool.” 
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As such, large body of work exists which explores the practice and integration of these 
processes, and outlines the successes, challenges, and best practices. In these investigations, it is 
frequently found that the critical factors for successful implementation of product development 
processes are social and organisational issues such as communication, collaboration, diffusion 
of knowledge, issues of metrics and effect of company culture (Chandrasegaran et al., 2013; 
Kahn et al., 2012; Berchicci & Bodewes, 2005; Ayers et al., 2001). 
One study in particular found that success in managing New Product Development (NPD), 
particularly in the early phases, was in fact, not driven by the choice of approach itself, but by 
the company’s capability to carry out the approach and anticipate and react to information 
(Verganti, 1999). This highlights the importance of effective management and training as being 
key to the success of any design activity. 
4.6.2 Incorporating Sustainability Considerations into Design Processes 
Similar themes are found in the literature that explores industrial implementation of ecodesign 
tools. These studies show that conventional product development and business concerns such as 
organisation, communication and transfer of knowledge were the key success factors to 
integration and application of SD activities (Johansson et al., 2007; Boks, 2006; Tukker et al., 
2001). It was also found that the challenges to successful implementation were frequently 
socially based factors such as lack of cooperation or education and problems with differing 
language or working around organisational complexities (Argument et al., 1998; Boks, 2006). 
From this it can be concluded that the challenges to implementing product development 
processes are common across all types of design, regardless of if it is environmentally focussed 
or otherwise. This is a commonality that has been identified by others including Berchicci & 
Bodewes (2005) who recommend that it will be important for the future success of SD practice 
to adapt existing, established product design models to integrate sustainability into them, and 
by Short et al. (2012), who found that companies are more likely to undertake SD activities if 
they already use formal design processes. 
In this context, a number of studies into SD implementation also highlight that companies are 
not engaging with the design process on a strategic level, and a lack of practice of these 
formalised design processes was found in the majority of companies reviewed (Deutz et al., 
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2013; Mawle et al., 2010). This finding is again echoed by the literature in NPD, and a key paper 
in this area by Tomiyama et al. (2009), which explored the practice of existing product 
development approaches, states that these processes do not reflect the current state of industrial 
practice. This was found to be due to the complexity of global and multi-disciplinary product 
development, and advances in digital tools that have enabled improved collaboration and 
reduced the need for explicit, formalised structures. Table 4-2 is an excerpt from the same study 
that compares the use of four key models: Axiomatic Design (Suh, 1990), Total Design (Pugh, 
1991), the Mechanical Design Process (Ullman, 2002), and Systematic Design (Pahl et al., 1996). 
From this study it can be seen that even though these structured process models have been 
around for a number of years and are well established parts of design curriculums, there are 
problems with the uptake of these generic processes in industry. This is because each company 
has it’s own requirements and complexities, highlighting the importance of effective 
communication, and customised methods of knowledge management and collaboration in 
product development processes. It also supports the previous findings of the research into 
ecodesign tools, which identified that many companies implement more customised approaches 
in order to better integrate them into their own culture and practices. 
One widely celebrated example of an explicit and formal design process that has been carefully 
considered and customised to meet the needs of the company it fits within can be found at 
Toyota, whose lean manufacturing approach changed production practice worldwide (Liker, 
2004; Womack et al., 1990). Toyota also apply a similar rigour to the development of their fully 
integrated product development system which is highly customised to fit with the rest of their 
business processes, as well as the company culture, making it highly successful and efficient 
(Morgan & Liker, 2006). ‘The Toyota Product Development System’ exemplifies both the 
importance of tailoring an approach to fit the company, and of communicating the intentions 
and expectations of activities to all the people involved in order to ensure success. 
From this example it can be seen that moving forwards, future SD strategies will need to provide 
a clear framework that can be easily communicated within companies and applied to different 
products, businesses, and sectors. 
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Table 4-2. . Comparison of Design Process Models 
(Tomiyama et al., 2009) 
 
CHAPTER 4 
  41 
It can also be concluded that many of the challenges and success factors in implementation of 
SD are also found in the implementation of design processes in general. This therefore 
highlights the root of the third assertion of this research (as outlined in Section 2.4) and 
demonstrates that the framework development within this research should not rely on a 
revolutionary approach that requires a company to completely replace existing processes, but 
should instead seek to help them evolve, to better understand the existing features of their 
established design processes, and become more effective at managing, and conducting design. 
4.6.3 Effect of Environmental Pressures and Legislations  
Many companies have been obligated to make changes to both their design and manufacturing 
activities in recent years as a result of emerging environmental legislations. A large number of 
studies have been conducted which look at the effect of these legislations on the design process, 
and give example case studies of the implementation of these considerations. 
These studies however show little evidence of regulations affecting product design and 
development as yet (Gerrard & Kandlikar, 2007; Gottberg et al., 2006), with similar results seen 
in studies into the design impacts of ecolabels (Goggin, 1994). It was instead found that, in order 
to simply comply with set boundaries such as EPR recycling targets, many companies are 
focussing on developing and utilising ‘end-of-pipe’ solutions, such as efficient recycling and 
shredder separation, as opposed to making changes at the early design stage. 
Despite this, a number of case studies illustrated that considering regulations in early design 
decisions had a critical effect on the environmental impact of the product (Wright & Rahimifard, 
2012; Yung et al., 2012) demonstrating that large improvements are possible by incorporating 
considerations at an early stage of design. In addition, it was found that the targets set by these 
various schemes can also create confusing trade-off situations, similar to those experienced in 
the application of ecodesign tools. An example of this can be seen in the case of the ELV 
directive which sets recycling targets based on the weight of a vehicle, however, the use of 
lightweight materials may affect the ability to achieve recovery and recycling targets by possibly 
reducing the quality of waste streams at EOL, and increasing difficulties in separation and 
recycling of these waste streams. 
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This illustrates that while these schemes may encourage uptake of SD activities, they may also 
limit potential for radical improvement and lock companies in to suboptimal solutions (Gerrard 
& Kandlikar, 2007). This is because the regulations set targets that can be systematised and do 
not necessarily require creativity to meet or aid understanding of the associated SD issues as 
they simply offer prescriptive guidelines and require basic compliance. 
Moving forwards, it will be important to explore how to better inform and direct SD activities 
without limiting the potential for innovation, or encouraging damaging behaviours, to enable 
future regulation to be more effective. 
4.7 BUSINESS MODELS AND DESIGN CHAINS 
The structure of the design process, and the implementation of product development processes 
are largely influenced by the business model of a company. Different types of products require 
very different organisational approaches to the design process, and the structure of the design 
process will change not only based on the sector and size of a business, but also on the 
complexity, volume, shelf-life, service-life, and other key characteristics of the products 
themselves. These different approaches will have a large effect on where and when SD activities 
will take place and it has been demonstrated that these organisational complexities are one of 
the largest challenges in implementing effective product development activities. 
It is known that more simple organisational structures are more agile and accepting of change, 
presenting fewer challenges to the uptake of new activities. The larger, more complicated and 
more structured a company and its product development process become, the more difficult it is 
to make changes during design as ‘lock-in’ decisions become more firm and more frequent 
during the development process. This is particularly prevalent in design processes that use 
stages and gates to control information progression, where studies have shown that information 
dependency promotes inflexibility and hinders not only innovation in design, but also the 
implementation of effective product development processes (Jespersen, 2012). Processes such 
as these that use design gates are frequently employed in the case of very complex products such 
as cars. In these circumstances a distributed design approach is usually undertaken to organise 
the development of multiple subassemblies and components, which themselves consist of many 
parts (Otto & Wood, 2001). 
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An example of this ‘V’ shaped model against a more simple design model is shown in Figure 4.8, 
which illustrates that these more distributed models present a much greater challenge to 
effective SD implementation and decision making across the various divisions and groups taking 
part in the design activity. 
It can also be seen that the complex structure of the ‘design chain’ in these companies often 
involves a number of suppliers with their own embedded levels of complexity. For example, a 
car manufacturer might purchase their headlamp units from a supplier who in turn purchases 
the light bulbs from a third company who may simply act as a distributer, and are not involved 
in the design or production of the light bulbs. This highlights the further complications in 
communication throughout a ‘V’ shaped model where product development often involves the 
work of a number of different design teams, both within the parent company itself and at 
associated suppliers and subcontractors. This presents a number of challenges with the 
implementation of environmental considerations, as complex networks such as these make it 
particularly difficult to collect, store, and share knowledge between all parties at all stages of 
design (Tingström & Karlsson, 2006; Berchicci & Bodewes, 2005; Ehrenfeld & Lenox, 1997). 
 
 
Figure 4.8. Characterisation of the product development process for simple and complex products. 
Adapted from (Otto & Wood, 2001). 
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In this context, a great deal of work has been done in related fields of research to look at 
knowledge transfer issues and data management in complex design environments. From these, 
it can be observed that the solution to these problems are frequently seen to be IT based with the 
view that interpersonal linkages may be replaced by interlocking software, and as such there is a 
great deal of work in the IT sector looking at systems to solve problems with interdisciplinary, 
distributed, and complex product development (Movahed-Khah et al., 2010; Zha & Du, 2006; Li 
et al., 2004). 
In addition to these challenges with knowledge transfer, one area of great influence over product 
development in this context is how and where SD knowledge is actually integrated into the 
design process (Lindahl et al., 2005). Organisational structures and product complexities will 
have a large impact on implementation models for adopting SD practice, and considering who 
conducts SD activities will decide where and when the environment will be considered. As such, 
a large number of studies look into implementation of SD through different actors, and explore 
the changing role of the designer in the context of SD. These studies have noted that there are a 
number of variations as to how ecodesign can be included in design, as shown in Table 4-3. This 
demonstrates that each situation offers different benefits and drawbacks with respect to agility, 
information sharing and level of confidence in expertise, and will have a significant effect on the 
quality and design stage at which SD can be implemented in the development process. 
Table 4-3. Where Ecodesign is Performed During the Design Process Adapted from (Rio et al., 2013) 
Location of Ecodesign Expertise PROS CONS 
Externalised (with a consulting 
agency) 
The results are reliable and 
scientific. 
Unilateral data exchanges. 
Treated as a distinct 
department in the company 
The communication and data 
sharing between departments are 
facilitated by the information 
system of the company 
(collaborative support). 
The designers are reactive and not 
proactive regarding the environmental 
assessments and it is difficult for 
environmental engineers to share 
ecodesign knowledge with them.  
Integrated into expert activities 
(such as engineers) 
The minimum of knowledge is 
shared between designers. 
Environmental knowledge 
increases and it is possible to 
anticipate. 
If the ecodesign expertise is only 
integrated locally, it is difficult for 
designers to have a transversal vision 
required to avoid environmental impact 
transfers. 
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In relation to this, a number of studies report on these problems with communication and 
collaboration of engineering design teams in large, distributed and complex companies. These 
have found that challenges with managing knowledge, communication and cooperation can 
directly affect the success of the products or activities (Larsson, 2007; Luttropp, 2001; 
Dougherty, 1992).  This is a challenge that appears to be amplified by the added complexities of 
including sustainability within the product development process, as this involves contribution 
from Designers, Engineers, Environmental experts, and other multidisciplinary stakeholders 
who speak different languages and approach problems in different ways causing difficulties in 
communication (Lindahl et al., 2005; Lofthouse, 2004). 
This further highlights the need to better understand and define the challenges with 
communication between actors, and the difficulties with transfer of data and knowledge. These 
were found to be a consistent challenge in the implementation of SD tools and product 
development processes throughout the review; particularly in complex design environments 
where it will be important to consider visibility and control throughout the whole design chain. 
4.8 CHAPTER SUMMARY 
This chapter presented an overview of the background and practice of SD, detailing the types of 
tools available and the challenges in their application. It also discussed the practice of SD in 
industry, and highlighted the challenges found with the incorporation of SD into existing design 
processes, and complex design chains. The three key assertions of the research were identified 
throughout the discussion of the literature presented to highlight that, in the future SD needs to 
become incorporated from the earliest stages of design activities, that it needs to be an 
established component within and alongside existing processes, and that the capability of SD 
management must be developed purposefully to enable a growth towards improved practice. In 
addition, the key success factors and stumbling blocks for SD practice were identified, which will 
be carried forwards and taken into account during development of the framework and methods 
presented in this thesis.  In this way, these reviews provide the context for the remaining work 
reported in this thesis, and the following chapter continues this by addressing research directly 
related to the aims of this this research and the integration of sustainability into design 
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5. A REVIEW OF THE MOST RELEVANT FACTORS FOR 
UBIQUITOUS SUSTAINABILITY  
5.1 INTRODUCTION 
This chapter aims to explore the existing literature most closely related to the work reported in 
this thesis. The background reviews presented in Chapters 3 and 4 outlined the tools and 
application of SD, and identified the challenges that are preventing SD practice from meeting its 
full potential. This highlighted the need for improved implementation of tailored SD methods 
into the varied structures of existing design practices within companies. As such, this chapter 
begins by presenting existing research that has been conducted to develop methods for the 
implementation of sustainable design. It continues with a discussion of the future drivers and 
areas of opportunity for SD, and concludes with an analysis of the findings of the reviews 
presented in this thesis, which outlines the vision for development of the proposed framework. 
5.2 A REVIEW OF THE MOST RELEVANT FACTORS FOR UBIQUITOUS SUSTAINABILITY 
Over the past five decades, environmental design has evolved through three key phases: Green 
Design, Ecodesign and Sustainable Design (Keitsch, 2012; Bhamra & Lofthouse, 2007; 
Argument et al., 1998). These phases represent a scope of activity that is constantly expanding 
to include wider considerations and additional stages of the product lifecycle. Each stage of 
expansion therefore pushes the boundaries of design practice further, greatly affecting the 
processes and knowledge needed to implement environmental design activities. This evolution 
has been driven by a range of different factors and events as summarised in Figure 5.1 and 
discussed in Chapters 3 and 4.  Whilst the foreground shows a timeline of influencing factors, as 
well as the corresponding method development, the background of the figure illustrates the 
recent, rapid growth in the development of ecodesign methods, highlighting the increasing 
volume of research effort that has been directed towards improving SD practice. Based on the 
literature and research presented in this thesis, the figure also proposes a fourth phase of 
evolution in environmental design – towards ubiquitous sustainability in design – where 
sustainability considerations become a completely embedded and inherent part of the product 
design process. 
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Figure 5.1. The Historical and Proposed Evolution of Environmental Design 
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Despite the distinct rise in the development of SD research highlighted by Figure 5.1, it has been 
widely observed that in practice SD is not meeting expectations. This research found that there 
are a number of broad challenges with the implementation of SD and as such, the barriers and 
enablers for successful SD that were identified by the reviews reported in Chapters 3 and 4 are 
summarised in Figure 5.2. The reviews also identified the key assertions of this research which 
highlight that there is a clear need for better management of SD within the broader context of 
design, and for effective incorporation of sustainability to be supported by considered design 
management. To this end, this research aims to develop a framework approach to support 
improved incorporation of SD, and as such, the following sub-sections of this chapter present 
the literature most relevant to the scope of the work reported in this thesis, addressing the 
future expansion of SD towards ubiquitous sustainability – through discussion of: 
Section 5.3. The existing methods presented in the literature for supporting the systematic 
implementation of SD within design processes.  
Section 5.4. The critical success factor for SD implementation of ‘ecodesign maturity’, its 
definition, and its place to help define ‘ubiquitous sustainability’. 
Section 5.5. The key role of ‘social’ factors in SD practice, and future social drivers that will 
help to complete the evolution from ecodesign to holistic sustainable design. 
Section 5.6. The proposed expansion of future SD practice, and the vision for this research. 
 
Figure 5.2. The Barriers and Enablers for Effective Sustainable Design  
Organisational complexities within the 
design process and business. 
Socio-psychological issues: 
Communication 
Cooperation 
Disparities in language and context 
Situations with no formal design process or 
procedures already in place. 
Regulations restricting innovation and 
driving end of pipe solutions. 
Lack of awareness of sustainability issues, 
understanding of trade-offs and access to 
useful information. 
 
 
SUCCESS FACTORS STUMBLING BLOCKS 
Customised tools and approaches for 
sustainable design. 
Activities driven by conventional business 
concerns: 
Economic gains through efficiency 
Increased sales from improved customer 
perception 
The company’s capability to conduct 
sustainable design activities and anticipate 
and react to information. 
Control from legislation or demand from 
customers prompting uptake of new 
practices or participation in labelling 
schemes etc. 
Enablers for Effective Sustainable Design  Barriers to Effective Sustainable Design  
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5.3 METHODS FOR THE IMPLEMENTATION OF SUSTAINABLE DESIGN 
A number of methods and frameworks have been developed in recent years that help to support 
the systematic application of SD in a number of different applications. An overview of the 
methods identified in this research including both well-established and newly emerging 
methods, and those central to the development of the research in this area are outlined and 
described in Table 5-1. These have been analysed through four key lenses to assess their general 
approach towards SD improvement, the stages of application of the method, their area of focus 
for sustainability improvement, and the type of guidance they offer during application. This 
breakdown and analysis offers insight into the main differences between these various methods, 
which each employ a different approach towards the same key aim of helping a company to 
identify the areas of sustainability affecting their products, and integrate related considerations 
into their design activities. 
 
Table 5-1. Existing Methods for the Implementation of Sustainable Design 
METHODS APPROACH APPLICATION FOCUS GUIDANCE 
EcoDesign 
Maturity Model 
(Pigosso et al., 
2013) 
Contains an aspirational 
set of maturity levels for 
the management and 
practice of ecodesign. 
Findings are visualised 
through a radar, and 
achievement of each 
level has been broken 
down into a series of 
targeted practices and 
milestones. 
Provides a detailed 
methodology for application of 
the approach broken down 
into six steps: 
1. Diagnosis of maturity 
2. Proposition of ecodesign 
improvements 
3. Portfolio management of 
proposed improvements 
4. Planning of improvements 
5. Implementation 
6. Assessment 
Process and 
management 
of practices 
Directed and 
prescriptive 
towards 
achieving 
defined 
targets. 
DMS Procedure 
(Fargnoli et al., 
2014) 
Contains an overarching 
procedure for 
environmental design 
management by 
prescribing the use of a 
range of ecodesign tools 
including EcoDesign 
PILOT and LCA amongst 
others, to form a 
structured product 
improvement approach. 
Focusses consideration of 
sustainability through the 
structured application of 
ecodesign tools based on 
three distinct phases of: 
1. Design planning 
2. Conceptual design 
3. Design specification 
Product Directed and 
prescriptive 
method using 
detailed suite 
of tools. 
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EcoDesign PILOT 
(Wimmer et al., 
2004; The 
Vienna 
University of 
Technology, 
2014) 
 
 
Supports the 
identification of 
environmental factors in 
product development 
through a defined series 
of custom checklists and 
supporting evaluation 
tools such as Eco-QFD. 
Supported by an 
interactive online 
software tool. 
Methodical approach towards 
targeted product improvement 
based on three broad steps of: 
1. Identifying the type of 
product. 
2. Selecting an appropriate 
improvement strategy. 
3. Utilising checklists to 
determine ecodesign 
measures. 
Product Directed and 
prescriptive 
using the 
tool. 
Living Principles 
(The Living 
Principles, 
2014) 
 
 
Distils key features from 
a range of wider 
methods into a holistic 
framework for the 
development of 
sustainable solutions 
and projects. 
Implementation occurs 
through the use of 
roadmaps and a 
scorecard worksheet. 
Provides a set of questions as 
part of a ‘roadmap’ intended 
to promote purposeful actions 
to direct projects towards 
consideration of sustainability. 
Application is based on four 
streams of sustainability – 
environment, people, economy 
and culture. 
 
Projects 
and/or 
Products 
Broad 
questions 
intended to 
promote 
thought. 
POEMS Model 
(Rocha & Brezet, 
1999; 
Ammenberg & 
Sundin, 2005) 
A product-oriented 
environmental 
management system 
(POEMS) is based on the 
ISO14001 approach, 
focussed on a product. 
Promotes the systematic 
integration of eco-design 
in the company's 
strategies and practices. 
Provides a structured but 
open four stage model based 
on phases of: 
1. Product specific 
environmental review 
2. Responsibilities and 
procedures 
3. DfE projects 
4. Audit and evaluation 
Processes 
and design 
organisation 
Structured 
phases with 
broad 
application. 
Strategic 
Sustainability 
Roadmap 
(Waage, 2007) 
Provides a simple 
roadmap through 
overlaid mapping of a 
conventional design 
process against a 
‘sustainability process’ 
for designers. 
Aims to provide broad 
guidance towards 
adaptation of the 
product development 
process to incorporate 
more sustainable 
actions. 
Guides consideration of a 
sustainable design process by 
providing a basic four stage 
roadmap: 
1. Understand need and 
establish sustainability context 
2. Explore solutions and 
define sustainability issues. 
3. Refine options and assess 
pathways for sustainability. 
4. Implement and create 
product, and feedback on 
performance. 
Product and 
process 
Broad 
guidelines 
towards 
improved 
practice. 
ISO 14006 
(ISO, 2011) 
 
Incorporates information 
from ISO14002, ISO 
14062 and ISO 9001. 
Guides implementation 
of processes and 
procedures for 
structured and managed 
ecodesign, built on 
existing management 
processes and 
competencies in the 
company. 
Provides a four step model of 
guidelines build around ‘Plan, 
Do, Check, Act’ approach. 
Aims to help a company to 
build knowledge in a flexible 
way to bring together three 
dimensions of environment, 
design and management 
systems focussed on the 
product. 
Product and 
process 
Broad 
guidelines 
towards 
improved 
practice. 
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FESTivE Method 
(Rio et al., 2014) 
A software based 
approach to modelling 
information exchange in 
ecodesign processes. 
Aims to improve 
collaboration by 
improving links between 
required sustainability 
data and the users. 
Provides a three steps model 
for understanding information 
exchange in design: 
1. Design process modelling 
2. Activity input and output 
data modelling 
3. Knowledge transformation 
modelling. 
Process 
activities 
Broad 
framework 
for 
encouraging 
thought. 
Seven-Stage 
Model 
(Charter, 2000; 
Charter, 2001) 
Presents basic stages of 
ecodesign 
implementation towards 
becoming an 
increasingly strategic 
and competitive issue 
within a business. 
Provides basic guidance 
for strategic ecodesign 
management. 
Proposes a simple seven 
stage model for implementing 
ecodesign: 
1. Ecodesign Ignorance 
2. Ecodesign starter 
3. Green R&D 
4. Technical integration 
5. Semi-ecodesign integration 
6. Green strategism 
Process and 
management 
Basic outline 
of 
aspirational 
stages. 
Ecodesign 
Integration 
Model 
(Brones, 2014) 
Presents a high level 
model of the vertical and 
transversal integration of 
ecodesign into product 
development processes. 
Aims to inform long term 
cultural change 
management within 
product development 
alongside pragmatic 
embedding of SD. 
Outlines three broad systemic 
levels of consideration: 
i) Macro – Strategic corporate 
sustainability objectives 
ii) Meso – Tactical 
sustainability integration in 
process and portfolio 
management 
iii) Micro – Operational use of 
customised SD tools 
Process Basic model 
to promote 
considered 
change.  
ECD Integration 
Model 
(McAloone, 
1998) 
Presents a broad model 
of the changes required 
to improve ecodesign 
maturity in the design 
process. 
Provides very broad 
guidance towards 
improving motivation, 
communication, and life 
cycle thinking. 
Outlines a three stage process 
of change for the practice of 
hands on design based on: 
i) The timing of decisions. 
ii) The environmental features 
of the product. 
iii) The tools and techniques 
required to achieve this. 
Process Open model 
for 
encouraging 
integration of 
process 
changes. 
Eco-Design Tools 
and Methods 
(Baumann et al., 
2002) 
(Section 4.5) 
 
Provide varying levels of 
guidance and support for 
promoting the 
consideration of 
sustainability during 
design. 
Varied from simple checklists 
to complex decision support 
software. 
Product All levels from 
directed and 
specific to 
self-guided 
and open. 
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Each of these methods provides a different approach to the implementation of SD practices, by 
providing varying level of focus – from those that focus on changing the design of the product 
itself, to those that focus on changing the management and organisation of the design processes. 
They also provide varying levels of guidance for different organisations – from those that are 
very directed and prescriptive, to those that are very broad and self-guided. As such, an overview 
of these methods mapped according to their relative focus versus their level of guidance is 
illustrated in Figure 5.3. 
 
 
Figure 5.3. Classification of Methods for the Implementation of Sustainable Design – Technical 
Focus vs. Level of Guidance 
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As this is still a new and emerging area of research, in the time this thesis has been put together 
a number of additional methods have been published that discuss the considered embedding of 
sustainability in design processes. In Figure 5.3 these emerging models have been highlighted by 
darker boxes. This highlights that whilst some early methods have been developed, approaches 
focussed on the design process (as opposed to the product) are beginning to emerge in recent 
years as a growing area of research – indicating that these will be of increasing importance for 
the future of SD practice. The clusters of methods seen in Figure 5.3, illustrated by the coloured 
areas, also highlight a pattern in the guidance and focus of existing tools, and it can be seen that 
the majority of existing methods focus heavily on product improvements and offer limited 
guidance to designers, instead requiring them to identify their own improvements based on 
more general guidelines and best practices. 
In the top right hand corner a more recent method from Pigosso et al. (2013) stands alone, 
offering a very prescriptive and directed approach to design process improvement. This method 
provides a complete, holistic integration plan in which the company implements a set of 
predetermined ecodesign management practices. The method is built on an aspirational radar, 
shown in Figure 5.4, which shows five evolutionary benchmarks of ‘ecodesign maturity’ that are 
achieved by implementing a set series of improvement projects (indicated by the segments). 
These improvement projects relate to dedicated management practices that have specific scopes 
and dedicated aims. This radar therefore shows the current status of the company, and their 
immediate goals, alongside the potential for improving towards the highest maturity and best 
practice of the whole radar. Whilst this method offers comprehensive and focussed guidance 
towards the achievement of set targets, it also provides limited opportunity for innovation, 
limited flexibility to mould the targets of consideration to a company’s specific needs, and 
limited scope to set personalised goals for development and improvement of practice.  This is an 
effect similar to that seen with prescriptive legislation as discussed in Chapter 4, where a 
directed approach can be found to restrict opportunities for radical improvement and finding 
solutions tailored to the specific challenges of a particular product or company. 
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Figure 5.4. Ecodesign Maturity Radar (Pigosso et al., 2013) 
 
From this it is therefore clear that there is a gap between the more basic frameworks, and the 
very detailed approaches. This highlights a need for development of methods to bridge the gap 
by utilising information about the product to promote improvements in the process. To achieve 
this, future approaches should guide consideration of sustainability without limiting flexibility 
to shape the process to meet the distinct needs of the company. 
The existing methods outlined in this section therefore have been used within this research to 
help to shape and guide development of the framework and corresponding methods. The best 
practices and learning’s from each of these have also informed the compilation of the key factors 
of the design process evaluation, and provided an understanding of how to enable meaningful 
integration of sustainability within established processes using a variety of approaches. 
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5.4 MEASURING GROWTH IN ECODESIGN MATURITY  
The evolution of SD illustrated in Figure 5.1 proposes a fourth stage in the evolution of 
sustainable design towards a scenario where sustainability is a completely embedded part of 
design activity. The achievement of this will require a holistic approach to improve not only 
design practice, but also the wider business processes. This is a concept highlighted by the third 
assertion of this research (outlined in Section 2.4) that acknowledges the need to improve the 
management of design in a slow and strategic manner. 
In this context, many existing methods for the integration of SD described in the previous 
section employ the concept of maturity to describe a growth in ability, experience, and 
proficiency with SD practice. This is because it is widely recognised that success in SD hinges 
heavily on embedded experience and capability, with the core concepts of both sustainability, 
and organisation of design processes.  Effective practice is thus closely linked with appropriate 
management and widespread visibility of sustainability improvement efforts. As such, many 
methods aim to grow ‘ecodesign maturity’ by tackling the two areas of both sustainability and 
organisational improvements, and a number of publications define maturity specifically in the 
context of SD, or ecodesign practice. 
5.4.1 Defining Ecodesign Maturity 
One of the most well recognised definitions of ‘ecodesign maturity’ has been presented by de 
Caluwe (2004), and is included in Figure 5.5. This illustrates the relative levels of ecodesign 
maturity as defined by the consumer electronics company Phillips, and is used in their own 
internal assessment of product development activities. The Ecodesign Maturity Grid highlights 
that to achieve higher levels of maturity involves the cascading contribution, and paramount 
importance, of the integrated and procedural incorporation of environmental activities in the 
company’s processes, linked to dedicated metrics, monitoring and target setting.  
The definitions contained within this grid also place precedence on ‘recognition’ related to 
perceived company performance against competitors and overall market standing. Whilst it is 
clear that this is important in a business context, and would likely lead to a number of fringe 
benefits such as attracting top talent, within the context of this research the scope will be limited 
to the effect of sustainability integration within the product design process. 
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Figure 5.5. Ecodesign Maturity Grid (de Caluwe, 2004) 
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In this context therefore, one of the most comprehensive methods for the measurement of 
ecodesign maturity has been put forward by Pigosso et al. (2013). This definition forms the basis 
of the ‘maturity model’ discussed in the previous section. In this classification, the overall 
ecodesign maturity levels are defined by a combination of two distinct factors:  
i. Ecodesign Evolution: A recommendation of the stages to be followed for ecodesign 
implementation. 
ii. Management Capability: A qualitative measurement of how well a company applies an 
ecodesign management practice. 
This divides the achievement of a high maturity into two components to assess performance not 
only with environmental design, but also with management and organisation. As such, the 
measurement of maturity in this case is strictly related to the considered evolution and 
management of the processes in which ecodesign is implemented, and not to the design of the 
product itself, or the wider business implications of these practices. 
An overview of the classification for the ecodesign maturity levels in this context is included in 
Table 5-2. This demonstrates that, to be classified as maturity level 1, the ecodesign 
management practices of evolution level 1 must be applied with capability level 3. A definition 
and breakdown of the corresponding capability levels is also included in Table 5-3, and a 
definition of the evolution levels is further included in Table 5-4. 
 
 Table 5-2. Definition of Ecodesign Maturity Levels (Pigosso et al., 2013) 
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Table 5-3. Capability Levels in Ecodesign. Adapted from (Pigosso et al., 2013; Chrissis et al., 2003)  
LEVEL TITLE DEFINITION 
CAPABILITY 
LEVEL 1 
Incomplete The management practice is not applied or is applied incompletely by the 
company. 
CAPABILITY 
LEVEL 2 
Ad hoc The management practice is applied in an ad hoc way, i.e. to correct a problem 
or to accomplish a specific task by some individuals in the company, but not yet 
in a formalized and systematized way. 
CAPABILITY 
LEVEL 3 
Formalised The application of the management practice is formalized in documented 
processes and the infrastructure, responsibilities and resources to support the 
practice are allocated. 
CAPABILITY 
LEVEL 4 
Controlled The application of the management practice is formalized and controlled, i.e. its 
performance is measured and monitored throughout time by using performance 
indicators. 
CAPABILITY 
LEVEL 5 
Improved The performance of the application of the management practice is continuously 
improved based on the measurement and monitoring. 
Table 5-4. Evolution Levels in Ecodesign. Adapted from (Pigosso et al., 2013) 
LEVEL DEFINITION 
EVOLUTION
LEVEL 1 
The company has very little experience in ecodesign and does not yet completely apply ecodesign 
practices to improve the environmental performance of products. The environmental issues of 
products and the benefits of adopting ecodesign are not yet exploited. At this level, the company 
must understand the concept of ecodesign, define the internal and external drivers for its 
adoption, carry out a benchmark study to understand competitors positioning, and make a 
compilation of product-related environmental legal issues and standards. 
EVOLUTION
LEVEL 2 
The company has taken the first steps in the application of ecodesign and is familiar with some of 
its practices and potential benefits. Pilot- and point-wise projects are implemented, focusing on 
the incremental improvement of the environmental performance of existing products, usually with 
emphasis on specific phases of the products' life cycle. The company uses non-consolidated 
approaches to the application of the ecodesign practices involved in product design. At this level, 
the company endeavours to generate awareness and motivation for ecodesign and begins a 
formal ecodesign program. Simplified LCA tools are used to identify hot-spots for improvement of 
the environmental performance of products. 
EVOLUTION
LEVEL 3 
The company recognizes the importance and benefits of ecodesign, based on the results of its 
application in pilot projects and on the recognition of the ecodesign program. The experiences 
gathered from pilot projects are systematized to underpin the improvement of the product 
development and related processes, so that all the company's development projects consider 
environmental issues on a regular basis. At this level, ecodesign is technically integrated into the 
PDP and the first steps are taken to structure an environmental approach and common patterns. 
EVOLUTION
LEVEL 4 
Ecodesign practices are incorporated systematically into the product development and related 
processes, starting from the initial phases (e.g. idea generation and portfolio management). An 
expansion can be observed, of the sphere of ecodesign influence to business and managerial 
areas, in addition to technical areas. At this level, functionality analysis is applied to conduct 
ecodesign, thus expanding opportunities for improvement. New concepts (products, services or 
product/service- systems) can be developed to satisfy consumer needs with better environmental 
performance. 
EVOLUTION
LEVEL 5 
Environmental issues are fully incorporated into the company's corporate, business and product 
strategies. Environmental issues are considered jointly with technical and economic issues to 
reinforce the decision-making processes. The company aims at system innovation, through the 
development of new products and services that require changes in its business models and 
infrastructure. 
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Both methods for the measurement of ecodesign maturity presented in this section highlight the 
importance of formal structures in achieving high maturity of ecodesign, and demonstrate that 
achieving effective practice involves all aspects of the business and organisation. Thus, from the 
literature on ecodesign maturity, the following common success factors can be identified: 
• The design team understanding the needs for sustainability at all levels of their activity. 
• The company wide recognition of the benefits of SD. 
• The formal and controlled application of SD within established processes. 
• The monitoring and continuous improvement of SD activities. 
These key factors will be taken forward and used to help guide the development of the 
framework, to ensure it promotes these success factors and encourages a company to consider 
the wider implications of SD management and application. 
5.4.2 Defining Ubiquitous Sustainability in Design 
Within the context of this research, the definitions of ecodesign maturity discussed in the 
previous section can be used to clarify a definition of the next phase in ecodesign practice – 
towards ‘ubiquitous sustainability’ in design. This can be considered as a state of the highest 
‘evolution’ in holistic SD maturity, where both environmental and social considerations are 
embedded systematically at all levels in the process. Therefore ‘Ubiquitous Sustainability within 
Design Processes’ can be defined as when: 
“Sustainability issues are fully incorporated into the company's corporate, business 
and product strategies.” 
To achieve this, awareness of sustainability issues is widespread at all levels and in all 
disciplines throughout the company. Social and environmental issues are considered jointly 
with technical and economic issues to reinforce the decision-making processes. The company 
aims at system innovation, through the development of new products and services that require 
changes in its culture, business models and infrastructure. Sustainability activities are 
integrated and supported within the company by a controlled and monitored process of 
continuous improvement for sustained excellence. 
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It is clear that this definition presents a large challenge, and that achievement of this will involve 
a holistic approach towards both consideration of sustainability and improved design practice. 
This will also require a systematic and considered expansion of practice to slowly evolve and 
grow maturity in companies and sectors, towards this state. Therefore, this definition and 
understanding of ubiquitous sustainability will be used to help direct framework development, 
as discussed further in Section 5.6.  
5.5 SOCIAL DRIVERS IN FUTURE DESIGN PROCESSES 
The review reported in Chapter 4 highlighted that, at present the majority of the existing tools 
and methodologies for SD simply focus on incorporating environmental considerations into 
design.  Economic considerations have also been well addressed historically by manufacturing 
companies as they are a key business driver. However, there is now an emerging need to 
integrate social considerations into product development alongside economy and environment 
to achieve full sustainable design, and therefore ubiquitous sustainability. This integrated all-
inclusive approach is illustrated in Figure 5.6. This figure introduces a fourth sphere of 
‘institutional’ which, on top of the conventional three pillars of sustainability, recognises the 
importance of the business or government in actioning effective sustainable change, a concept 
introduced by the ‘Triangle for Change’ (Sustainable Consumption Roundtable, 2006). 
 
 
Figure 5.6. The Prism of Sustainability (Spangenberg et al., 2010) 
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Social considerations are therefore an area that has been gaining increasing attention within 
design research and practice, as highlighted by the emerging importance of the customer for 
manufacturing business (as discussed in Section 4.3). This demonstrates that reaching the goals 
of sustainability will require the integration of social factors and the redressing of design to meet 
true customer needs. This was reinforced during a recent appraisal of the original principles and 
driving factors of SD which concluded that “while approaches before and in the first phase after 
Brundtland were more or less technology oriented, sustainable design concepts of the new 
millennium and its first decade are characterized by designers’ growing concern for socio-
cultural sustainability and user innovation” (Keitsch, 2012), sentiments that are shared 
throughout the wider literature and research community (European Commission, 2012; Brown, 
2009; Sterling, 2005). 
5.5.1 Designing a more Sustainable ‘Use’ Phase 
Historically, this focus on technological innovation has seen widespread research and activity 
within industry that has been aimed at changes to production activities as a first step towards 
improving environmental performance (Spangenberg et al., 2010; Fletcher & Goggin, 2001). As 
such, it has been discussed that a great deal of work has been done previously in design for the 
‘production’ and ‘EOL’ phases of a product life cycle, due in large part to ecological, economic, 
and regulatory drivers. The ‘use’ phase however has seen very little work comparatively, and 
research in this area is still relatively new despite the fact that the use phase of certain types of 
products has been found to be particularly environmentally significant.  For example, it was 
found that 90% of the life cycle energy consumption of household appliances takes place in the 
use phase, and of this consumption, up to 90% is determined during design (Tischner, 2001). 
Research into design for sustainable ‘use’ has a variety of names including ‘Design for 
Sustainable Behaviour’ (DfSB) (Lilley, 2009) and ‘Design with Intent’ (Lockton et al., 2010). 
These studies cross the borders between social sciences and design and consider how to include 
and influence consumer behaviour as part of the early conceptual stages of design activity. A 
number of studies have been conducted which present, and also demonstrate the principles of 
affecting behaviour and improving the environmental impact of a product (Lockton et al., 2010) 
and a number of Governmental initiatives are beginning to appear, such as the UK ‘Behavioural 
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Insights Team’, which are also exploring the subject (Cabinet Office, 2011). The findings 
however have yet to be integrated into the wider product development process and current 
studies simply explore the key considerations, offering suggestions and best practices without 
prescriptive methodologies or tools. 
5.5.2 Social Design Models in Practice 
Outside of academia, ‘design thinking’ methodologies and other design processes have been 
widely used to solve social design problems in areas ranging from improving healthcare, to 
preventing crime and promoting good hygiene (Brown, 2009; Kelley & Littman, 2001).  These 
case studies have demonstrated the unique potential of design to incite significant change and 
transform embedded behaviours (discussed in Chapters 3 and 4), and have led to design being 
widely recognised as a key area of strategic importance for growth by leading organisations.  
In response to this many organisations are beginning to discuss and explore more collaborative 
design models that have the ability to address more specific user needs. These recommendations 
are also found in the literature which agrees that user and stakeholder involvement in the design 
process will be a critical innovation and success factor moving forwards (Keitsch, 2012; 
Aschehoug et al., 2012; Spangenberg et al., 2010) and in relation to this, a recent European 
design report stated that: “the conventional borders between product design, production and 
the user are beginning to merge. The internet and the active use of social media not only 
enable the dissemination of digital works, but also the co-creation of products or services that 
can engage users from the outset.” (European Commission, 2012). 
Traditional product development is already an interdisciplinary task involving many different 
actors, from designers to mechanical engineers, production technicians and quality officers. Co-
creation and participatory design aim to extend this to involve all stakeholders in the process 
from the outset, and a new wave of academic work in this area is beginning to emerge 
(Hoffmann, 2012; Greenbaum & Loi, 2012). Collaboration has long been credited as being a key 
component of innovation, and the recent socio-technological advances discussed above are 
creating an environment enabled by ubiquitous computing (ubicomp) (Abowd & Mynatt, 2000) 
that is more conducive to change and to encouraging participation. 
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In much the same way as these advances have seen sweeping cultural changes in 
communication, politics and news, it can be proposed that similar tools can be used in the future 
to also change consumption behaviours, and to gather information from more engaged 
customers. This would have the potential to involve all stakeholders and move design activity 
from interdisciplinary to transdisciplinary practice, as well as building better relationships for 
improved stakeholder engagement and embedded sustainable behaviours, offering companies a 
mechanism to strategically engage and address their stakeholders; tackling both their customer 
and sustainability targets at once. In this context, an overview of the relationship between the 
various emerging social design factors identified in this research is shown in Figure 5.7. 
5.6 PROPOSED EVOLUTION TOWARDS UBIQUITOUS SUSTAINABILITY 
This research highlighted that there has been a trend in the past towards expansion of the scope 
of SD in stages, and this research is suggesting that we must now enter a fourth phase of 
development in which the scope of SD will expand further to become ubiquitous sustainability, 
where SD will become an embedded part of product development. The proposed systematic 
future evolution in SD practice is illustrated in Figure 5.8, and has been presented in a paper by 
Sheldrick & Rahimifard (2013) included in this thesis in Appendix A. 
To enable this expansion of scope, in the first instance it can be seen that there is a need to 
create a purposeful overlap between sustainability considerations and the various stages of 
design. In the long term however, the ultimate goal should be to replace the existing approach of 
‘design followed by ecodesign’, with one holistic, inherently sustainable design process.  
 
 
Figure 5.7. Emerging Factors for Social Design Processes 
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Figure 5.8. Proposed Evolution of the Sustainable Design Process 
In this context, using the information gathered during the review and presented in Chapter 4 
and the sections above, the following critical success factors for the future can be identified: 
i. Collaboration: This needs to be facilitated and encouraged at every level of company 
activity – across different departments, disciplines, companies, and even sectors. 
ii. Communication: Facilitating an open dialogue and establishing a common language 
will be needed to cross the barriers created by company structures, different disciplines, 
and different cultures. 
iii. Improved Metrics: It is very difficult to measure the success and outputs of design 
activity. There is a need to not only better understand the value of design, but also have 
a means by which to more clearly measure progress and establish common ground with 
the surrounding activities. 
iv. Knowledge: Access to appropriate knowledge when and where it is required will be key 
to facilitating successful implementation of SD activities. Knowledge needs to be 
properly created, stored, and shared so that it can be readily available to those that need 
it, and presented in a way that is easily understood. 
Whilst each of these success factors could require a vast area of research unto itself, the 
framework and approach adopted will need to take these into account to ensure that whilst 
targeting the key assertions outlined in Section 2.4, these four factors are kept in mind. 
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Thus the framework proposed should enable this systematic and considered overlap in 
conventional design and sustainable design to help grow maturity and work towards ubiquitous 
sustainability by encouraging improved collaboration and communication, establishing 
appropriate metrics, and considering the effective use of knowledge throughout design 
processes. 
5.7 CHAPTER SUMMARY 
This chapter presented the key methods that have been developed in the literature for enabling 
the integration of sustainability into design processes, and discussed the key components of SD 
practice that will help grow consideration into a fourth stage of evolution where sustainability is 
a ubiquitous component of design processes. The chapter identified a critical gap in the 
development of SD implementation methods, highlighting a need for more guided consideration 
of process improvement that promotes innovation and offers flexibility for a company to 
customise their approach and their improvement efforts towards their individual needs. In 
addition, the critical impact of maturity and social factors were highlighted leading to a 
definition of what it will take to achieve ubiquitous sustainability within a business, and the 
description of the need for a considered evolution in SD practice through improved 
management and communication in the future. 
These concepts will be taken forwards to form the foundations for developing the framework 
and methods described in this thesis. The importance of a growth in maturity and a guided 
improvement of design will therefore be paramount in the work reported. To this end, the 
following chapter presents the research method adopted in this thesis to investigate SD and 
develop the framework and methods presented in further detail in the remaining sections of this 
thesis. 
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6. RESEARCH METHODOLOGY 
6.1 INTRODUCTION 
This chapter details the research methodology used to conduct the work reported in this thesis. 
The first section begins with an overview of various approaches to research and a discussion of 
the specific types most applicable to this work. The second section details the methodology 
adopted in this research, and laid out in this thesis.  
6.2 OVERVIEW OF DESIGN RESEARCH TYPES 
Research can be defined as “the systematic investigation into the study of materials and 
sources in order to establish facts and reach new conclusions” (Oxford University Press, 2014) 
and it has been stated that “the purpose of research is to discover answers to questions through 
the application of scientific procedures” (Kothari, 2004). 
The subjects of academic research vary greatly, however, it is often recognised that at the most 
fundamental level, the two most basic approaches to research are a quantitative approach, and 
a qualitative approach (Kothari, 2004).  The latter involving the generation of measurable data, 
and the former concerned with more subjective assessments of opinions and behaviour. Using 
each approach, a wide variety of specific research approaches exist across a variety of disciplines 
and fields, for example quantitative ‘experimentation’ in Chemistry compared to qualitative 
‘ethnography’ in Sociology. Many research projects will however apply a combination of the two, 
and mixed methods are increasingly utilised to enable a holistic approach to problem solving 
(Creswell, 2004). 
In this context, it was important to consider the specific challenges in developing the 
methodology for this research. Studies into product design processes present a particular 
challenge as their requirements lie on the borders between a number of disciplines, and must 
often work at the interface between quantitative and qualitative data. As the design research 
field has grown significantly in recent years, new methods for design research have become 
established to address this. During the development of the discipline, a publication by Blessing 
et al. (1998) stated that design research “not only aims at understanding the phenomenon of 
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design, but also at using this understanding in order to change the way the design process is 
carried out”, and that design research is different in this way because addressing this aim 
“requires more than a theory of what is; it also requires a theory of what would be desirable 
and how the existing situation could be changed into the desired.” 
More recently, Blessing & Chakrabarti (2009) published a book detailing a holistic ‘Design 
Research Methodology’ (DRM) detailing an approach targeted at the challenges of design 
research and the combination of facets that need to be studied in any given design project. An 
outline of the basic stages of the DRM approach is shown in Figure 6.1.  
In this approach it is proposed that the ‘Research Clarification’ stage involves the researcher 
finding evidence and developing the aims, objectives and scope of the research. In the 
‘Descriptive Study I’ stage, the researcher should review the literature further to gain a full 
picture of the existing situation. In the ‘Prescriptive Study’ stage, the researcher should 
elaborate on their understanding and develop ways to address and improve key factors in the 
existing situation, through systematic development of a solution and conceptual design of 
methods to realise the solution. Finally, in the ‘Descriptive Study II’ stage, the researcher should 
investigate the impacts of their solution to evaluate its applicability and demonstrate use. 
 
 
Figure 6.1. DRM Framework (Blessing & Chakrabarti, 2009) 
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Figure 6.1 demonstrates the iterative nature of the process, which can start at any point and 
utilise a range of research approaches to meet the needs of each stage. By fully assessing the 
existing, and desired situations of design, the DRM approach aims to systematically identify 
areas requiring support, and demonstrate the benefits of that support through the second 
descriptive study phase; with the overall intention that research should both build upon 
existing, and contribute to future research (Blessing & Chakrabarti, 2009). 
Within this basic framework, it is suggested that there are seven possible types of design 
research, dependent upon the requirements the project in question. These types are outlined in 
Figure 6.2. In this context, a ‘review-based’ study utilises only information from the literature, 
whereas a ‘comprehensive’ study includes a literature review as well as further empirical study 
or idea development by the researcher. Finally, an ‘initial’ study is defined as the stage that 
closes a project, involving demonstration of the consequences of the results to prepare use of the 
research for others.  
Within this thesis therefore, it will be important to ensure the stages of research enable an in 
depth understanding of current design processes, as well as of future design processes. In 
addition, the research should be designed to ensure a wide range of appropriate input is 
gathered, and that the output can be readily used to give direction to further research and 
further design development in this area. 
 
Figure 6.2. Types of design research projects with their main focus (Blessing & Chakrabarti, 2009) 
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6.3 RESEARCH METHODOLOGY 
The research methodology adopted in this thesis is based on the DRM approach, in line with its 
recommendations for design research. The proposed research methodology consists of four 
distinct phases of exploratory research, framework development, testing and analysis and 
evaluation, as depicted in Figure 6.3. This method adopts an approach in line with type 5 as 
shown in Figure 6.2, utilising a mixture of review based, comprehensive, and initial studies to 
effectively investigate, develop, and validate the proposed design framework in this research. 
The first step during the initial exploratory phase involved setting the research assertions and 
hypothesis. These were formulated using the author’s prior knowledge and experience working 
in the subject area, and further refined and developed through reviews of related literature and 
company practices. To this end, an extensive review was conducted utilising both literature 
based and empirical research to assess the various factors driving uptake of SD and the 
application of existing SD tools and methods.  This investigation aided in understanding the 
challenges found with existing SD approaches, as well as the opportunities and drivers for future 
practice, which provided the founding information on which the research work was developed. 
Once the research assertions and hypothesis had been developed, the information gathered 
during the literature review was used to establish the aims, objectives, and scope of the research 
in order to direct the work of the next development phase. The second phase was focussed on 
further theoretical research and development of the framework approach for identifying 
opportunities for embedded SD into design processes, and the supporting steps required to 
apply it. The first step of this was to develop concepts for the framework using the findings of 
the literature review and the objectives laid out. The second step was to develop an evaluation 
method for classification of existing design processes. At this stage it became apparent that 
comprehensive and systematic evaluation of design was central to the effective application of the 
framework, and thus, further development was carried out to refine the details of the framework 
and expand the design process evaluation method. This phase of research also required the 
development of a decision model that employed multi-criteria assessment of the various 
opportunities identified for SD intervention during process evaluation, and put forward targeted 
recommendations for SD improvement and expansion within a company. 
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Figure 6.3. Research methodology applied within the thesis 
TESTING & VALIDATION 
EXPLORATORY RESEARCH 
ANALYSIS & EVALUATION 
Prior knowledge 
and experience 
Definition of research assertion 
and hypothesis 
Literature review 
Industrial visits to discuss 
sustainable product 
design challenges 
Refinement of research 
assertion and hypothesis 
Existing knowledge of 
product development 
practice 
Research concept validation 
and refinement 
Case Study 1 Case Study 2 
Analysis of case study results 
and validation of research 
Development of research 
conclusions 
FRAMEWORK & MODEL 
DEVELOPMENT Development of framework for 
embedded sustainability in 
design 
Design process 
evaluation 
Decision models 
for prioritisation 
Recommendations 
for embedded 
sustainability 
RESEARCH CLARIFICATION 
& DESCRIPTIVE STUDY I  
Review-based & 
comprehensive study 
PRESCRIPTIVE STUDY 
Comprehensive study 
DESCRIPTIVE STUDY II 
 Initial study 
Conceptual framework 
and methods handed over. 
Design process knowledge 
and key criteria handed over. 
Project experiences handed over. 
CHAPTER 6 
  71 
The validation phase of the research involved the testing and refinement of the framework for 
embedding sustainability in design using two case studies. The case studies were selected to test 
two different applications of the framework in different industries, and in companies with 
different levels of experience with sustainability. The first demonstrates explorative application 
in a small company (a consultant designer) who has a limited experience with sustainability 
issues and very little structure within the design process. The second demonstrates targeted 
application in a large international manufacturing company who have a complex and structured 
design process, however do not currently utilise SD in their design process. These case studies 
were conducted over the course of approximately nine months, through a systematic application 
of the framework in partnership with the consultant in the first case, and with a team of 
designers and managers in the second case. Data was collected through a combination of email 
exchanges, Skype meetings and visits to collaboratively apply and refine the methods developed, 
investigate their design activities and identify targeted opportunities for SD improvement. 
The fourth and final phase of the research reported in this thesis involved reflective theoretical 
analysis of the findings from the case studies and the results of the research activities. This 
provides concluding discussions, identifying areas for further research and development 
required in SD practice towards ubiquitous sustainability. 
6.4 CHAPTER SUMMARY 
This chapter discussed various types of research and identified the research methodology 
utilised in this thesis to address the aims and objectives identified in Chapter 2. The four main 
phases of research carried out were detailed, and an overview of the specific steps taken within 
each phase was discussed to illustrate the scope of work in a chronological and systematic order 
– although in practice, the research should contain many iterations and feedback loops across 
each phase to develop and refine the ideas. 
This first section of the thesis throughout Chapters 1-6 has described the initial exploratory 
phase of research, and the remainder of the thesis will address the model development, 
validation and evaluation phases. From this opening section, the critical background 
information for the research – the aims, assertions, scope, and relevant SD theory – will be 
taken forwards and used to shape the framework. To this end, the following section specifically 
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details the theoretical work and development of the framework and associated methods 
throughout Chapters 7-10, and concludes with presentation of the case studies in Chapter 11. 
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7. A FRAMEWORK FOR DESIGNING UBIQUITOUS 
SUSTAINABILITY INTO THE DESIGN PROCESS 
7.1 INTRODUCTION 
This chapter details a systematic and novel framework for assessing design processes in a 
company, and identifying opportunities for embedding sustainability considerations within 
design. The first section outlines the key stages of the framework, and the subsequent sections 
describe the tasks included in each stage, concluding with a section discussing the benefits of 
this framework and its utilisation in practice towards improving the practice of SD. 
7.2 A FRAMEWORK FOR DESIGNING UBIQUITOUS SUSTAINABILITY INTO THE DESIGN 
PROCESS 
There are a large number of complex challenges affecting the successful implementation and 
overall effectiveness of SD. The uptake of SD practice in industry has been limited largely due to 
difficulties with utilising existing SD tools and methods in established design processes, with 
many companies considering the inclusion of SD a radical, ‘revolutionary’ step, requiring the 
replacement of existing processes. In addition, when implemented, SD activity is often not 
meeting its full potential as it is applied too late in the design process to be effective. Therefore, 
there is a clear need to utilise and improve features in existing design processes to provide an 
‘evolutionary’ approach to grow the consideration of sustainability within design using known 
methods and tools. There is also a need to be able to clearly evidence the improvement potential 
of SD activity, and of sustainability consideration in the early stages of design, in order to not 
only aid selection of the most effective and pragmatic SD approaches for a given company, but 
also to gain buy in from companies wanting to adopt these new approaches. 
This research asserts that, by working to improve the design process itself as opposed to 
improving the design of a product, it is possible to have the greatest effect towards overall 
reduction of environmental impact, and towards more sustainable products in the future. This is 
because, when you improve the design of a product, you make some improvement to the 
performance of that specific product for the remainder of its (potentially short) life. 
Alternatively however, when you improve the design process of products, the overall impact of 
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improvements is considerably higher as it has influence over the whole product family, or 
company, and also carries forward to the subsequent product revisions and iterations. This is an 
approach widely employed as embodied by the old proverb “Give a man a fish and you feed him 
for a day. Teach a man to fish and you feed him for a lifetime”. It is therefore fundamentally 
important to establish context for this framework and distinguish this research as an attempt to 
improve the design process within a company, as opposed to the design of a singular product. 
To this end it is suggested that, in order to realise more sustainable products and product 
systems in the future, there is a need to eventually move towards a situation where sustainability 
considerations are ubiquitous throughout product design and development. In this context, this 
research proposes a future fourth stage in the expansion of environmental design practice, 
named ‘Ubiquitous Sustainability’ (see Figure 5.1). By targeting improvements in the design 
process, and providing a systematic and pragmatic framework for embedding sustainability 
considerations into existing design practice, this research aims to help a company to grow their 
SD maturity and work towards ubiquitous sustainability in their design processes. Therefore, 
this research aims to improve the future application and impact of SD by developing a 
systematic framework for identifying effective opportunities for consideration of sustainability 
within existing product design processes and systems, entitled the “Design for Ubiquitous 
Sustainability” (DfUS) framework. In this context, Figure 7.1 shows the intended use of the 
framework for expanding the scope of existing SD practice, moving to a situation where there is 
no longer ‘design + sustainability’, but where design activity itself is inherently sustainable. 
 
Figure 7.1. Use of the DfUS Framework towards Ubiquitous Sustainability 
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The four stages of the DfUS framework are depicted in Figure 7.2. This approach consists of four 
key stages towards a continuous improvement cycle – ‘Strategise-Evaluate-Prioritise-
Implement’ – based on a ‘Plan-Do-Check-Act’ approach outlined by the ISO 14006:2011 
‘Guidelines for incorporating ecodesign’ (British Standards Institution, 2011). Although the 
framework was initially designed to be a linear set of stages, it quickly became apparent that a 
continuous improvement approach to embedding SD within design processes, and identifying 
opportunities for more targeted and effective consideration of sustainability, would instead 
require a circular continuous improvement towards encouraging growth and evolution of 
design practice. In support of this framework, this research has therefore also developed 
methods to help promote this evolution by helping a company understand the key features of 
their design process that influence decision-making and the transfer of knowledge, and enable 
identification of the most impactful design phase for inclusion of SD, as well as the most suitable 
methods for embedding SD into different product design applications. 
 
Figure 7.2. The DfUS Framework  
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In the first stage of the framework, the project is initiated and the company defines the strategic 
goal of the activity – for example, to improve resource efficiency, EOL management, supply 
chain resilience, social responsibility, etc. In the second stage, the design processes of the 
company are evaluated to gain insight into the critical features of the design chain and to 
identify potential opportunities and appropriate methods for SD intervention. The results of this 
investigation are then used in the third stage where the priorities for embedded SD throughout 
the design chain are identified and scored by a panel of experts to produce a list of ranked 
recommendations for optimal SD practice.  In the final stage, the company then takes forward 
the recommendations to identify and implement the most appropriate SD approaches for their 
application, and to undergo a process of continuous improvement. These stages are outlined in 
the remaining sections of this chapter, and described in more detail in Chapters 9 and 10. 
 
7.3 STAGE 1: STRATEGISE 
The first stage of the framework involves ‘The Scoping and Definition of Strategic 
Requirements’ in order to define the context, scope and direction of the SD process 
improvement project. Many companies already work hard to ensure their design processes are 
as effective as possible, and as such, established practices can be difficult to alter. At any given 
time there will be limited feasibility to make changes, and limited resources to direct to the 
implementation of new activities. Thus, it is important for any design process improvement 
activity to be well defined, purposeful, and economically feasible, in order to maximise the 
chance of being useful and successful. In this context, there must be a strategic and considered 
definition of the goals and benefits of SD implementation from the outset of the project, to give 
it purpose and set reasonable, achievable boundaries. An overview of activities in this stage is 
depicted in Figure 7.3. 
In many cases, the requirement to include SD considerations within a company may be driven 
by targets set by central management. For example, they may desire to eliminate packaging, 
improve energy efficiency of production, reduce the carbon footprint of their products, or obtain 
a specific environmental label. 
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Figure 7.3. 'Strategise' Stage Overview 
Therefore, the aim and focus of the SD process improvement project should be clearly 
established during this first stage in order to guide the following ‘evaluation’ stage, aid the 
selection of appropriate SD interventions, and provide a measure by which the success of the 
improvement activity can be assessed. To this end, the company will complete a ‘DfUS 
BOSCARD’ as the key output of this first stage – a document specifically designed in this 
research to meet this purpose, and help identify the goal and scope of the project.  
During this initial stage the company should also select an appropriate ‘Actor’ to conduct and 
manage the project.  This actor must have an in-depth and detailed understanding of the design 
process within the company (e.g. a design manager), as in the subsequent stages, they will be 
required to identify the critical structures and methods controlling the information flow within 
design, and to understand the difficulties faced in decision making, as well as the impacts of 
those design decisions.  
7.4 STAGE 2: EVALUATE 
The second stage of the framework involves ‘The Classification and Evaluation of Design 
Processes’ in order to understand the opportunities and challenges for embedding SD. A series 
of specially designed ‘DfUS Tables’ are used to categorise and assess the key factors affecting the 
design process. The information gathered using these tables is then summarised and visualised 
in a series of ‘Summary Graphs’ and ‘Process Maps’ which are the key output from this stage. 
This is a pivotal stage within the framework as it helps to understand and highlight the 
opportunities and features within the design process that can be used to embed SD 
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considerations, as well as the most influential areas and decision points that need to be targeted 
with sustainability interventions. An overview of activities in this stage is depicted in Figure 7.4.  
During this stage, data regarding the design process, the product and the business is collected 
based on key factors of control, complexity and sustainability. The DfUS tables developed in this 
research help to guide investigation of the design process in this way by focussing the Actor’s 
assessment on a range of critical factors that affect not only the performance of their products 
and business activities, but also the effectiveness of their established procedures and decision 
making methods. In this way the tables prompt identification of the targets for sustainability 
consideration within design, and enable the actor to match these to effective opportunities and 
methods for SD intervention that already exist within the design process. From this detailed and 
directed analysis of the design process, a possible set of recommendations for simple and 
effective SD intervention can be generated and used in the following ‘prioritisation’ stage. 
It is important within this stage for the DfUS actor to work within the scope set in the first stage. 
For example, in a large automotive company there are many design teams working on many 
parts and components, often using different design processes. Within each part or component 
type, decisions may not only be managed by different design processes, but also restricted by 
other disciplines such as purchasing, quality, or supplier availability. Thus, it is important for 
the DfUS actor to understand and limit the evaluation to activities that they have visibility and 
control over within their own sub-set of design processes, and to remain focussed on the 
objectives set during the initial stage. 
 
 
Figure 7.4. ’Evaluate’ Stage Overview 
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7.5 STAGE 3: PRIORITISE 
The third stage of the framework involves ‘The Scoring and Prioritisation of Sustainability 
Interventions’ which utilises a multi-criteria decision model to rank the potential SD 
interventions generated in the ‘evaluation’ stage, and identify the most beneficial and feasible 
methods and locations for embedding SD within the design process. At this ‘prioritisation’ stage, 
a list of potential recommendations is generated and a wider network of expert actors are 
employed to assess and rank the feasibility and potential impact of each recommendation using 
a dedicated scoring model. The key output from this stage is a sheet of recommendation data 
maps highlighting the results of the prioritisation. An overview of the activities in this stage is 
depicted in Figure 7.5.  
During this stage it is important to gain the opinions of a wider network of experts from across 
the design chain to gain a broader perspective of the challenges and opportunities identified by 
the process evaluation. In this way, actors from corresponding disciplines (such as quality 
control or manufacturing) will be able to provide unique insight on the activities identified, and 
thus together will give more balanced scores for prioritisation – helping to refine, and give a 
higher degree of confidence to the recommendations generated. At this stage it is also important 
to consider the original objectives set in the first stage to ensure that the recommendations will 
fulfil the company needs and provide pragmatic, targeted SD solutions. 
 
 
Figure 7.5. ‘Prioritise’ Stage Overview 
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To do this, the expert network will be asked to grade each potential intervention based on four 
criteria: economic viability, technical feasibility, sustainability benefit and strategic 
importance. These criteria enable assessment of the overall effectiveness and appropriateness of 
the interventions within the wider context of the company. The experts rank each 
recommendation individually, and the data collected is then processed using the DfUS decision 
model to generate a targeted and ranked set of possible SD interventions. These are finally 
utilised in stage 4 to identify and implement a bespoke set of effective and simple 
recommendations for including sustainability in the design process of a company. 
7.6 STAGE 4: IMPLEMENT 
The final stage of the framework involves ‘Customisation, Implementation and Continuous 
Improvement’ to generate guidelines for the application of SD practices as recommended in the 
previous stage. During this stage, the set of recommendations generated should be used by the 
company to guide identification and selection of appropriate SD and ecodesign tools and 
methods, or preferably to develop specific interventions customised to the company’s operating 
procedures and systems. This stage is critical as selection of suitable and effective SD 
approaches will determine the success or failure of the activity, and although comprehensive 
guidance will be given through the recommendations and priorities generated by the framework 
stages, the development of new approaches to fit within the company’s processes must be a self-
directed activity due to its specialist nature. 
The review presented in Chapter 4 highlighted that, in the most successful cases of SD 
implementation, companies will frequently customise ecodesign tools to suit their needs and 
processes. Therefore, in this stage, the company should not only identify appropriate tools and 
methods using the recommendations, but also seek to tailor this tool to best fit within their 
existing approaches. For example, a simple eco-checklist could be customised according to 
product needs, and readily included within an existing decision gate.  Similarly, if packaging 
selection has been highlighted as a concern, a specific guide or software based program could be 
developed to fit within the existing procedures and be used by the designers during packaging 
specification, to help guide selection of the best solutions. An overview of activities in this stage 
is depicted in Figure 7.6. 
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Figure 7.6. ’Improve’ Stage Overview 
Once the new SD approaches have been developed and implemented, it is important for the 
company to monitor their progress to ensure the interventions are effective, and to identify 
areas for further improvement. In this context, continuous audits and repeat application of the 
framework will enable the company to identify areas for improved sustainability consideration, 
grow their experience with SD process improvement, and expand the scope of considerations 
addressed during the design process towards a greater, more comprehensive, and more holistic 
consideration of sustainability throughout design activity – towards ubiquitous sustainability. 
7.7 POTENTIAL CHALLENGES IN APPLICATION OF THE FRAMEWORK TOWARDS 
UBIQUITOUS SUSTAINABILITY IN DESIGN 
Design practice is dynamic and constantly changing to adapt to new customer requirements, 
new technologies, new materials, new processes or new markets. In contrast, however, the 
design and development processes within companies are often very well established and must 
remain in place for long periods of time in order to become efficient and productive. Therefore, 
although there is a continuous need to consider new knowledge, in many cases it is infeasible to 
continuously introduce completely new design processes that have been solely optimised for a 
new subset of demands (such as sustainability, modularity etc.). As such, there must be a route 
to ‘upgradability’ of design processes to enable new design knowledge to be incorporated both 
within, and alongside the scope of existing knowledge. 
Inclusion of sustainability in the design process is no different. The need for SD has been well 
proven and the benefits of its implementation are clear, however, pragmatic improvement of 
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design in this context is about ‘evolution’ as opposed to ‘revolution’. In this context, the DfUS 
framework provides a systematic and pragmatic method for evaluating existing design processes 
in a company, and identifying the most appropriate and effective methods for application of SD. 
This can be used to expand the consideration of sustainability within established processes, and 
to identify the mechanisms already in place that can be used to expediently embed SD 
approaches throughout existing procedures and activities. 
In practice, SD approaches are most effective when specific information about a product is used 
in order to understand the hotspots of its environmental impact, as this information highlights 
the largest opportunities and most pressing challenges for sustainability improvement within 
that particular product. Many companies however design more than one individual product, and 
so it is both more likely, and more useful if the DfUS framework is instead applied to a family of 
similar products within a company; having similar environmental impacts and similar design 
processes. For example, in an automotive company although many different products (cars) will 
be designed in different teams, the processes followed in each team will likely be very 
homogeneous, and therefore the project could be conducted at the top level, or for an individual 
product with the findings transposed across the other corresponding products in the company. 
In contrast, in a large electronics manufacturer, there will be many different product divisions, 
with different design teams following different design processes. For example, there may be a 
television department, a lighting department, and an audio department, each with very different 
technological focuses, and requiring very different environmental considerations. Thus, in this 
case, each department would need to be considered and assessed individually to understand the 
specific demands and considerations of that particular family of products. 
An overview of all the framework stages, the outputs from each, and actors involved in its 
application are illustrated in Figure 7.7. By targeting the improvement of design processes on a 
broad scale, application of this framework aims to expand SD practice by aiding simple and 
pragmatic inclusion of sustainability considerations so that they become embedded within 
existing systems. In addition, through involving a broad range of actors, raising awareness of 
sustainability issues and initiating a process of continuous review and improvement, the 
benefits of the framework will multiply and spread over time within the company to grow 
maturity, towards ubiquitous consideration of sustainability throughout design. 
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Figure 7.7. Overview of Actors and Outputs against DfUS Framework Stages 
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7.8 CHAPTER SUMMARY 
In this chapter the DfUS framework for embedding SD into design processes has been presented 
and each of the four stages ‘Strategise-Evaluate-Prioritise-Implement’ was outlined. This 
framework addresses the third objective of the research as outlined in Chapter 2, and was 
developed concurrently with the ‘design process evaluation’ method (presented in Chapter 9), 
which represents the most substantial and critical stage of the framework. By following this 
systematic approach a company is able to identify areas for improvement within their design 
processes, and recommend appropriate and effective sustainability interventions which enable 
SD practice to be embedded into existing product design systems. As part of a continuous 
improvement approach, the DfUS framework aims to pragmatically and systematically improve 
inclusion of sustainability throughout design, and to expand consideration and practice towards 
‘ubiquitous sustainability’. 
This chapter has given a very simple overview of the framework and the activities included 
within each stage, however, a detailed breakdown of the framework application and the methods 
developed to support this are included in the following chapters. To this end, Chapter 8 
continues by outlining three key classification factors identified as part of this research to lay the 
foundations for the effective evaluation of design processes, and thus provide crucial 
background information about the design of the framework. Chapter 9 then goes on to describe 
the full design process evaluation method developed for the second ‘evaluation’ stage of the 
framework, presenting the tables and graphs created to help identify opportunities for 
embedded SD. Chapter 10 then details the third ‘prioritisation’ stage of the framework in which 
the developed decision model is used to identify the most appropriate and beneficial options for 
SD intervention during the design process. Finally, Chapter 11 concludes this second section of 
the thesis by presenting case study examples of the DfUS framework in application, used in this 
research to validate and refine the framework approach. 
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8. DESIGN PROCESS CLASSIFICATION FACTORS FOR 
FACILITATING UBIQUITOUS SUSTAINABILITY 
8.1 INTRODUCTION 
This chapter outlines three critical classification factors that are used in the DfUS framework 
for design process evaluation to enable identification and assessment of the key features of 
established design processes. These factors set the context for this research as they can be used 
to identify what, where and how SD can be integrated into the design chains within a company, 
and help to better understand the challenges and opportunities for SD implementation. 
The first section of the chapter provides an overview of three classification factors of ‘Control, 
Complexity and Sustainability’, and outlines their use towards design process evaluation. The 
subsequent sections further detail each of the different classification factors, their respective 
dimensions, and their capabilities for identifying the opportunities and challenges for SD 
integration. The final section of this chapter then breaks down these areas further, to consider 
specific topics that influence both the sustainability of products and businesses, and the 
application of SD in a product design process.  
8.2 DESIGN PROCESS CLASSIFICATION FACTORS 
Design processes can take many forms and many guises depending on the sector, product, 
company, or even designers themselves. In addition to this, the nature of the various tasks 
carried out during design will also vary greatly to accommodate the needs of each specific 
situation. As such, the complexities encountered in communication and management of design 
processes can be vast. The review reported in Chapter 4 found that, although structured models 
of the design process exist, in practice the activity of design is often very amorphous, and in 
many situations companies have little understanding of the structure of their internal design 
processes, or of the various factors affecting them. 
In order to fully understand the individual needs, capabilities and challenges of a specific 
company, it is important to first conduct a thorough evaluation of existing design practice. This 
activity is vital as it enables a company to not only improve their awareness, but also identify 
and assess the critical features and specific characteristics of their design processes.  
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To this end, the second stage of the DfUS framework, ‘Design Process Evaluation’, consists of a 
method that utilises three critical classification factors of design Control, Complexity and 
Sustainability to identify opportunities for embedding SD into design processes, as shown in 
Figure 8.1. As the challenges and considerations within the design process are so broad, these 
factors were selected by the author to help break down the task of evaluation into targeted, 
effective and relevant areas of assessment. Thus, these factors were chosen as they are 
influential in navigating, shaping and managing the design process, allowing simple and 
systematic understanding of a number of specific features of a design process – with each factor 
enabling different information about the opportunities and challenges for SD within design to 
be gathered and assessed. In this context it is proposed that the information relating to all three 
factors will help to understand how to specify and implement the most appropriate SD 
interventions needed for a specific product design process. 
The first factor of ‘Control’ initially categorises design processes based upon the structure and 
nature of the business organisation, enabling classification of the basic operating methods of a 
company and guiding the evaluation. Design processes are then investigated comprehensively 
using the remaining factors of ‘Complexity’ and ‘Sustainability’. In this way, these secondary 
factors were selected to be used in this research to identify what, where and how SD can be 
embedded within established processes. 
 
Figure 8.1. Definition of SD interventions using three Design Classification Factors 
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This research proposes therefore that the identification of these different aspects using these 
three classification factors is achieved in the following ways: 
i. Investigation of relevant Design Sustainability factors and information about the 
product, process, and business is used to identify what needs to be targeted during SD, 
i.e. the hotspots of impact within the product lifecycle, and the various considerations 
associated with them. 
ii. Investigation of relevant Design Complexity factors within the design chain is used to 
identify how SD can be embedded into existing design processes, i.e. the existing 
knowledge or communication systems used throughout design. 
iii. Information about both Sustainability and Complexity factors considered throughout 
the design chain can be used to identify where in the design process SD needs to be 
incorporated and used, i.e. the most impactful stages for SD intervention within the 
design process. 
Evaluation of these broad classification factors presents a complex challenge, involving a large 
scope of assessment and requiring a large amount of different data about a company’s design 
activities to be processed and prioritised. Therefore, each of the three classification factors has 
been broken down further into three critical dimensions as shown in Figure 8.2, to help focus 
evaluation on the specific considerations that have the greatest effect on the practice and 
effectiveness of SD. 
 
Figure 8.2. The design classification factors and their three dimensions 
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Firstly, for Design Control, three overarching dimensions were identified. These enable broad 
based classification of the level and type of control experienced within the design chain of a 
company based on whether design and control occur centrally, or are distributed across the 
organisation. Secondly, for Design Complexity, the three most influential dimensions were 
identified using the findings of the review to represent the greatest barriers and opportunities 
for improvement of design. Finally, for Design Sustainability, the three pillars of sustainable 
development are used to ensure the DfUS framework addresses the full spectrum of 
sustainability considerations. These design evaluation factors and their associated critical 
dimensions are further described in the remaining sections of this chapter. 
8.3 DESIGN CONTROL FACTORS 
Design processes can vary greatly from company to company depending on a wide range of 
factors, the most influential of which are often the structures of the company itself; namely how 
and where key processes are conducted and controlled. This is of key importance as the level 
and type of ‘Design Control’ in a company often relates directly to aspects such as the number of 
actors involved, the decision and change management processes in place, communication 
systems, and other critical issues affecting the management and progression of the design 
process. These features in turn will affect the other key design factors, influencing the levels and 
types of ‘Design Complexity’ within the system, as well as the ‘Design Sustainability’ factors 
encountered during design. As such, it is necessary to understand how varying types of control 
can be used to classify different types of design process. Three distinct classifications of ‘Design 
Control’ have been identified to aid in understanding how the design process will be carried out, 
and therefore, where and when SD can be implemented as outlined in the following sections. 
8.3.1 Central Design, Central Control 
The classification of Central Design, Central Control (CC) relates to a scenario where design is 
both conducted and controlled centrally. This would mean that design activities take place 
wholly within the company itself, typically in a distinct design department, with work controlled 
closely by central management and having strong links to the other concurrent business 
operations. An example of CC organisation is demonstrated in Figure 8.3. 
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Figure 8.3. Central Design, Central Control Business Organisational Chart 
CC design models are most frequently used for developing relatively simple products that do not 
require complex systems of knowledge and expertise to bring together. For example, furniture 
and homeware products use a limited number of components, materials and processes, making 
product development chains more direct, and therefore more simple to negotiate. The CC model 
also lends itself well to highly secretive, competitive, and highly skilled environments which rely 
on ensuring the strictest control over even complex products such as communication satellites 
where it is important to constrain knowledge and processes within the company. 
In CC models, any required design expertise is located in-house, within the skill set of the actors 
conducting design and development. The design processes themselves can be quite varied 
however, with the progression and control of individual design activities depending on the type 
of company. For example, in a small company processes may be loosely defined and conducted 
at the discretion of the design actor, however, in more strictly controlled or high-risk 
environments, processes may be very clearly defined and monitored by management. 
The close level of control in CC models allows for increased visibility and understanding of 
business processes across a company. As such, there are often strong links of communication 
and cooperation during design in these models as it becomes more simple to work closely with 
other departments such as marketing, quality, manufacturing and purchasing. This can be of 
great benefit as it enables improved knowledge transfer and allows a simple platform for holistic 
product development that considers the needs of all the company operations. A drawback of this 
however is that the broad scope of required embedded knowledge often means staff become 
generalists, as opposed to specialists. With regards to flexibility in design and organisation, 
simple design models such as those in CC organisations are often more flexible, making it easier 
to implement change and take risks during design; experimenting early and at a reduced cost to 
the business. Thus, integration of new practices such as SD is often more simple and flexible. 
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8.3.2 Distributed Design, Central Control 
The classification of Distributed Design, Central Control (DC) relates to a scenario where design 
is controlled centrally, but the design activity itself is distributed across different departments, 
locations or companies. This means that whilst a very tight control is maintained over design 
activity to centrally dictate the exact requirements of the product, the actors involved in the 
design process are dispersed and separated, whether based on different component types (e.g. 
chassis and engine), or different suppliers (e.g. electronics and plastic parts). An example of DC 
organisation is demonstrated in Figure 8.4. 
DC design models are often used to develop complex products where it is important to maintain 
a strong control over the specification and quality of the various components within the product. 
As such, these models are often utilised for very competitive or sensitive products that are too 
complex to be centrally designed, requiring the use of a broad range of expertise which may 
often be sourced from outside the company. Examples of these are aircraft, which contain many 
different specialist components and subassemblies that are designed and produced by sub-
contracted ‘expert’ companies. The design of these however must be very carefully monitored 
and controlled by the aircraft manufacturer at the top level. This is because the final product is 
very sensitive, and high risk, therefore operating standards and quality level must be carefully 
monitored and maintained across the board. 
 
 
Figure 8.4. Distributed Design, Central Control Business Organisational Chart 
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In DC models, design expertise is distributed into different teams, divisions, and companies in 
specialist locations where it is needed. The design processes conducted in each case will vary 
greatly for different situations, however, the final design checks at the end of the process will 
often be similar for each component or division within a wider product to ensure that consistent 
standards are being met. This will typically involve strict checkpoints or decision gates to check 
against key factors as dictated by the top-level management control.  
DC models are beneficial to companies as they offer the flexibility to source expert design input 
as and where required whilst ensuring high levels of quality and control. This approach also 
allows companies to work closely with their suppliers, or various divisions, forming strong co-
dependant relationships and developing effective channels of communication. This can however 
create challenges with knowledge transfer and lack of innovation. Although direct 
communication between each division and the central management is good, communication 
between different divisions can be difficult. In addition, the knowledge and expertise generated 
within supplier partnerships is not often transferred back into the top level company, thus 
requiring a lot of time to find a shared understanding between parties, particularly during 
problem solving. Similarly, by dictating many key factors to their suppliers, companies can limit 
scope for improvement and efficiencies, also making it more difficult to experiment within the 
design process. 
With regards to flexibility in design and organisation, it can be difficult to implement changes in 
a large and distributed chain, often making changes slow and expensive, and requiring a great 
deal of planning. There can be benefits however to implementation of new practices such as SD 
in DC models, as suppliers are more dependent on the top-level companies and there are high 
levels of cooperation with autocratic operation making it easy for companies to roll out changes 
and dictate new working practices. 
8.3.3 Distributed Design, Distributed Control 
The classification of Distributed Design, Distributed Control (DD) relates to a scenario where 
design is both conducted and controlled in a distributed chain.  This means that design activity 
typically occurs in a number of isolated teams, or companies, each in direct control of their own 
operations. In these scenarios there is often little or no interaction between teams conducting 
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different design activities, and little interaction at the control stage with central management 
‘pulling’ the products or components they need, as opposed to ‘pushing’ their requirements as in 
a DC scenario. An example of DD organisation is demonstrated in Figure 8.5. 
DD design models are very similar in principle to DC models, typically occurring for complex 
products requiring a great deal of external expertise; however, in the case of DD, the design of 
the final product itself is likely to be less sensitive.  Often in DD models instead, the individual 
parts or components themselves can be more sensitive than the top-level product. For example, 
in computers, the top-level company will contract suppliers to produce sensitive components 
such as processors and graphics cards for use in the final product. These components require 
very high levels of expertise beyond the scope of the computer manufacturer, and the 
intellectual property is often protected by the suppliers that design and produce them, and is 
simply licenced out to the manufacturer for use in the final products. DD models therefore are 
more widely used for less critical products, or products which require very specialist parts. 
 
 
Figure 8.5. Distributed Design, Distributed Control Business Organisational Chart 
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In DD models, expertise is located in highly specialist companies or departments. As with DC, 
the design processes themselves will be varied in each case, however, in these distributed design 
models there is no central control to dictate process outputs. As different design activities 
carried out within DD approaches frequently occur in isolation from one another, there is very 
little, or very restricted communication and knowledge sharing between the different levels and 
divisions. The lack of cohesive control over incoming components also means that quality 
standards can be less consistent, and that components can be ‘black-boxes’, with top-level 
companies unaware of the materials and processes contained within. However, these models 
also enable companies to buy-in very high quality and innovative solutions from leading ‘expert’ 
suppliers. This offers additional levels of freedom over DC and allows the most appropriate, 
competitive and up to date solutions to be outsourced as needed. This can also be of economic, 
and time benefit, reducing core investment in research and development, and benefitting from 
economies of scale when using off the shelf parts. 
With regards to flexibility in design and organisation, in some cases it can be very simple to 
change suppliers, and therefore the design of parts and components in these models. This is 
because there is often low commitment or engagement with external suppliers. However, in the 
case of different divisions within the same company, it can be very difficult to disseminate new 
operating procedures in locations where autonomy in management and operation is expected. 
In both cases, the top-level company or organisation will have little say over factors such as the 
uptake of SD activity, therefore making it very difficult and time consuming to implement 
changes of this nature. 
8.4 DESIGN COMPLEXITY FACTORS 
Understanding complexity in the design process is widely recognised to be a critical factor in the 
success of SD implementation. As identified by publications reviewed in Chapters 3-5, 
challenges in complexity such as interdisciplinary communication between dispersed actors, 
competing priorities in design decisions, and prescribed legislative targets have a large influence 
over the effects of SD activities. They will also have a direct influence over the SD methods that 
need to be employed, and the locations in which these interventions will be most effective within 
design. Therefore, it is important to understand the various types of ‘Design Complexity’ 
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encountered during the design process, in order to allow selection of the most appropriate tools 
and methods at the most appropriate times for each specific company and product.  
This research has identified three distinct dimensions of complexity that address key 
considerations for the design process at three levels – the product itself, the information and 
systems facilitating design, and the external constraints of the design process – namely, 
‘Product Design Complexity’, ‘Knowledge Management Complexity’, and ‘Regulatory 
Complexity’. These are illustrated in Figure 8.6. 
8.4.1 Product Design Complexity 
The dimension of Product Design Complexity can be described as a function of the number of 
different parts, sub-assemblies, materials, processes and technologies within a product.  These 
simple characteristics define the physical attributes of the product, however, they also have a 
large influence on the shape and nature of the design process itself. For example, they will have 
a direct effect on the number of different actors involved in the design process, the number of 
different disciplines involved in the design process, the size and range of the supply chain, the 
frequency of product reviews, and the number of conflicting considerations taken into account 
during design. 
 
 
Figure 8.6. Three Dimensions of Design Complexity 
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As product design complexity increases, it becomes more difficult to manage the activity of 
design, and to understand the increasing number of different requirements that often present 
complex trade-offs. This in turn will increase the need for cross-disciplinary, cross-
departmental, and cross-company communication. In this context, it will be important to 
recognise the key points of collaboration and information transfer within the design process, 
and to understand how these are affected by increasing product design complexity in different 
types of design control organisation.  For example, a complex product designed in a DC 
company will present large challenges with information transfer across design teams, and 
therefore, design interventions will need very clear structure and direction to improve visibility 
and understanding across the dispersed business. This will typically require more prescriptive 
design briefs or checkpoints during the process, which present clear opportunities for the 
addition of sustainability information. In contrast, a more complex product in a CC company 
would need increased flexibility for information sharing during design changes, and therefore 
may require more informal, socially based interventions such as guidelines and checklists to 
promote collaboration during SD. Figure 8.7 provides a simple visualisation comparing design 
chains and considerations for simple and complex products. 
 
 
Figure 8.7. Comparison of Simple and Complex Design Chains for Vacuum Cleaners 
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With respect to the effects on SD implementation, increases in product design complexity will 
increase challenges with managing design decisions, and it will become particularly important 
to ensure sustainability considerations are taken into account as early as possible to aid in 
clarity of communication and design priorities throughout the process. Formal processes for 
defining product features, such as the Product Design Specification (PDS), can be used to 
incorporate SD considerations and embed them alongside traditional design process 
considerations using well understood mechanisms. 
8.4.2 Knowledge Management Complexity 
The dimension of Knowledge Management Complexity is a function relating to the systems and 
procedures for knowledge management used during the design process. The different 
knowledge management approaches within a company will have a direct influence on the 
methods for knowledge creation, transfer, storage and application during design. The systems 
used for this are often bespoke and tailored to the challenges and structure of the company. 
These complex processes for handling design information and data provide the means and 
opportunity for integration of SD knowledge into design processes. 
The literature on knowledge management processes identifies two distinct types of knowledge: 
tacit and explicit (Alavi, 2001). Tacit relates to one of the most prevalent types of knowledge 
used; the personal, contextual know-how gathered through experience which is difficult to 
articulate and capture. Explicit knowledge is comparatively simple to manage and refers to more 
formal and systematic information that can be directly codified and quantified. Both dimensions 
of knowledge are central to the activity of design as they are required to bring together all the 
various factors that need to be considered throughout the process, including the associated 
knowledge related to ‘Product Design Complexity’, ‘Regulatory Complexity’, ‘Design 
Sustainability’, and the wider scope of the design process. The information and data required for 
this can be embedded in many different places, within each individual actor, in the collective 
company or teams, within dedicated software, in routines and documents, within external 
consultancies, or at suppliers. Management of this knowledge is a complex and constantly 
evolving challenge that changes dramatically with factors such as the globalisation of 
manufacturing, the development of new technology and software, and the frequency with which 
CHAPTER 8 
  97 
data requires updating or maintenance. This is however of critical importance as effective 
knowledge management has been found to be a significant factor in innovative problem solving 
and competitive success over time (Carlile, 2002).  
In this context, it is important to recognise the various mechanisms for knowledge management 
in a company in order to identify possible locations and methods for SD implementation within 
the design process, both at the concept stage and throughout. By assessing existing systems and 
utilising them for the transfer of SD knowledge, it will be possible to expedite, enhance and 
systemise the integration of SD in design. Thus, there is a need to understand and assess the 
knowledge management systems in place in a given company, to identify opportunities for SD 
integration. For example, a large and complex CC company may use an integrated Computer 
Aided Design (CAD) system that contains Product Data Management (PDM) software for 
managing 3D models, part history, and engineering drawings. This data could then be further 
linked to additional company activities such as inventory control and sales, and would represent 
an ideal opportunity for expansion to incorporate SD considerations. By integrating 
sustainability information into the CAD facility and PDM system at the design stage, knowledge 
could easily be shared between actors, and accessed at point of use. Figure 8.8 illustrates the 
basic knowledge management considerations for a vacuum cleaner design chain. 
 
Figure 8.8. Example of Knowledge Management Issues in Vacuum Cleaner Design 
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With respect to the effects on SD implementation, complexity in knowledge management can 
present a number of additional challenges. In more complex knowledge management systems, 
design processes will be more rigid and less open to change, requiring SD approaches to be well 
planned and well aligned to existing formalised operating procedures. Thus, it will also be 
important to consider how knowledge is managed within a system, as well as other critical 
operating factors such as how flexible the system needs to be in order to account for new and 
updated design information. 
Although explicit knowledge in design is most frequently stored in formal systems managed by 
IT, design also utilises a lot of tacit and reused knowledge that is not often physically stored but 
passed down. Thus, it will be important to consider both facets of knowledge and how these fit 
into existing systems, for example, does this need to be managed by each individual actor for 
security and expertise, does the system need to promote sharing and collaboration for improved 
flexibility and awareness, or does it need central data storage to enable real time information to 
be accessed in fast moving environments? 
8.4.3 Regulatory Complexity 
The dimension of Regulatory Complexity is proposed as a function of the external factors 
influencing the design and performance characteristics of the product. For example, this could 
include environmental legislation (e.g. WEEE and ELV Directives), industry controlled 
performance standards (e.g. appliance energy ratings or vehicle emission), or in-house company 
specific quality checks, documentation and operating procedures (e.g. Toyota Production 
System or change management processes). These factors dictate a number of critical 
considerations for the specification of the product, and for a number of features of the design 
process, such as checkpoints required for ensuring compliance. 
Regulatory controls add complexity to the design process as they greatly expand the scope of 
consideration and expertise needed whilst requiring close monitoring and control. In a world of 
increasing restrictions they also add complexity to decision making, as manufacturers often 
have to design products based on competing requirements. The review in Chapter 3 identified 
that consideration of these fixed regulatory targets can be easily systemised in design, often 
being applied within the design process at fixed points such as within the PDS, or as part of 
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decision gates. Therefore, it is important to understand the different regulations, legislations, 
and other constraints affecting design, in order to not only understand the various constraints 
placed on the environmental impacts of a product, but also to identify mechanisms and 
opportunities for SD implementation. For example, the procedures and systems adopted by 
companies to comply with regulatory complexity can be used to formalise and automate the 
incorporation of SD within existing processes. Figure 8.9 illustrates the basic regulatory 
considerations within a vacuum cleaner design chain. 
For example, a CC company that has to comply with stringent product recycling targets may 
limit material selection options early on in the PDS or concept stage. Similarly, a DC company 
with specific internal quality procedures may utilise a number of decision gates to control design 
progression, and a DD company may insist on bespoke documentation or certification from 
their suppliers to ensure standards are being met when products are supplied. In these example 
situations, the regulatory management mechanisms within the design process offer ideal 
opportunities for integration of SD considerations by targeting PDS constraints, including SD in 
any checkpoints, or utilising appropriate eco-labelling schemes. 
 
 
Figure 8.9. Example of Regulatory Checkpoints in Vacuum Cleaner Design 
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With respect to the effects on SD implementation, in addition to providing opportunities for 
formalised and systematic integration of sustainability considerations, regulatory complexity 
can require compliance with a broad range of factors, raising a large number of challenges with 
conflicting design constraints. This highlights the importance of supporting decision making 
where and when needed to ensure that effective SD interventions can be utilised at the most 
appropriate points in the design process. 
8.5 DESIGN SUSTAINABILITY FACTORS 
In order to improve the holistic sustainability of a product, it is important to consider not only 
the environmental aspects of a product, but also the economic and social sustainability; as 
shown in Figure 8.10. Thus, this research considers each of the three pillars, or dimensions, of 
sustainability within the direct context of SD activity, in order to help a company to understand 
which SD interventions are more useful and impactful for use within a specific design process to 
address the individual impacts of a given product. 
The dimensions defined within ‘Design Sustainability’ will have a direct influence on the choice 
and range of SD tools and methods best suited. Identifying which dimensions are the most 
important for a company will help to highlight potential areas for SD intervention, and will also 
help to classify the type of interventions which would be more suitable for their context, i.e. 
which issues need to be addressed, and which tools and methods are more applicable for their 
needs. 
 
Figure 8.10. Three Dimensions of Design Sustainability 
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8.5.1 Environmental Sustainability 
The dimension of ‘Environmental Sustainability’ is most often the single focus of many 
sustainability improvement projects. As such, a great deal of work has been done targeted at 
developing tools and methods for SD and ecodesign, addressing a range of environmental 
factors such as the impacts of materials used in a product, the energy used by a product, or the 
recyclability of the product at EOL.  
As outlined in Chapter 4, these tools are intended for use within the design process to systemise 
specific consideration of targeted environmental aspects of a product. There can however be a 
great deal of challenges in the implementation of these tools, with widespread uptake of SD 
often restricted by complexities in use, and unclear guidance in decision making. The inclusion 
of environmental considerations in design has introduced additional difficulties, as they require 
expertise beyond the current standard skill set of design actors. As such, ecodesign is often still 
considered to be an expert activity, and embedding environmental design activities within 
existing design processes requires an expansion in the knowledge and scope of traditional 
design roles. 
In this context, ecodesign is viewed as a risky, time consuming and expensive endeavour, and 
many companies are reluctant to implement these methods as it can be difficult to measure and 
understand the benefits of new design practices beforehand. This is particularly evident when 
implementing environmental considerations at the earliest stages of design. During the detail 
stages, it becomes more simple to predict the impacts and costs of incremental decisions, 
however, during the concept stages it is difficult to understand the wider implications of any 
decisions made. The early design stages however, have the most significant impact over the final 
environmental impacts of the product, and so it will be important to understand how to 
facilitate consideration of the environment throughout the design process from the earliest 
stages of design, and to understand where decisions are made during the design process which 
affect these environmental impacts. Figure 8.11 illustrates the basic environmental sustainability 
considerations that occur across the life cycle of a mobile phone, and how they will be addressed 
at varying stages of the design phase. 
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Figure 8.11. Example of Life Cycle Impacts and Corresponding SD Interventions in Mobile Phones. 
Adapted from (Nokia, 2014) 
By identifying where in the design processes different environmental impacts are locked in, it 
will be possible to select the most appropriate SD interventions (i.e. methods and tools) to 
address the most pressing and influential problems directly at the point where they will have the 
most impact.  For example, in a DC company undertaking an innovative blue-skies product 
development activity, process selection could occur as late as the detail design phase. In contrast 
however, a DC company undertaking a new component design will select production processes 
very early, and even lock the decision into the brief or PDS at the earliest stages of the project.  
In both examples, the impacts of process selection are decided at different stages, during 
different design activities. This highlights that SD interventions need to be tailored to target not 
only the most appropriate environmental factor, but also the most appropriate location within 
design, to have the greatest effect on reduction of the impacts of the final product. 
8.5.2 Economic Sustainability 
Economics is perhaps the best understood, and most practiced of the three sustainability 
dimensions in current business practice, with many considerations completely inherent within 
existing processes.  Companies naturally want to protect their economic longevity, and as such, 
mechanisms for doing so have become second nature. Therefore, this research focuses instead 
on addressing the economic sustainability of environmental and social interventions.  Thus, the 
dimension of ‘Economic Sustainability’ in this case refers to the financial sustainability of SD 
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practices because, if environmental and social interventions are not economically sustainable, 
they cannot be justified in the long term and will not be implemented in practice. 
In this context, it is therefore important to consider economic resilience in the face of future 
market changes. This is of particular concern to many companies as it becomes increasingly 
clear that future uncertainty is a central business concern and there is a need to mitigate risk 
against factors such as increases in material costs and fluctuations in material supply arising 
from global resource scarcity, increases in energy costs arising from global supply issues, and 
rising global competitiveness as resource and labour rich developing countries continue to grow. 
These challenges demonstrate that it is critical for companies to secure the long term feasibility 
of their business models and ensure they can remain resilient against difficulties such as 
resource and energy supply. 
Therefore, it is important to understand the economic viability of SD activities, as well as the 
future threats and opportunities that can be targeted and addressed by SD activity. This means 
that companies could see how SD implementation may be of benefit and select the most 
appropriate areas to target for mitigating risk, increasing resilience, and making large savings. 
For example, for a DD company which uses external suppliers in the Far-East to produce 
components containing rare earths, it will be important to acknowledge that long term supply 
could present challenges and take this into account during material selection. Similarly, if a CC 
company is likely to become controlled by EPR style legislation in the future, this can be 
targeted during the design process by proactively considering service options during the early 
brief stage, and by considering DfD and DfR methods during detail design. Figure 8.12 
illustrates the basic economic sustainability considerations within an example fuel cell design 
chain within an automotive application. This highlights how economic considerations can be 
used to direct uptake of SD as part of a proactive approach to mitigate risk in the face of 
uncertainty. By understanding current and future needs, SD approaches can be targeted to 
secure resource use and business practices to ensure long-term viability and competitiveness. 
CHAPTER 8 
  104 
 
Figure 8.12. Example of Economic Sustainability Issues in Automotive Fuel Cell Design 
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product, or the design process. 
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issues such as social impacts of the product in use, employability and gender equality at 
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Assessment (S-LCA) (Jørgensen, 2008) can be utilised to aid in these considerations, however, 
social sustainability tools present similar challenges to that of ecodesign tools, extending the 
scope of expertise and consideration required beyond that of most actors involved in the design 
Consider service design 
PLANNING CONCEPTUAL DESIGN SYSTEM DESIGN DETAILED DESIGN 
ECONOMIC
DRIVERS 
SD 
INTERVENTIONS 
Market Forecasts 
Future Legislation 
Consider life cycle 
impacts, material content, 
EOL management, 
efficiency of energy 
production. 
ELV Legislation  
Design Requirements 
Material Security 
Industrial Standards 
Company Requirements 
Set targets for 
performance, 
construction and 
materials 
Supplier Quotes 
 
DfD, DfR, Material 
Selection 
CHAPTER 8 
  105 
process. This is a challenge that is further complicated by the predicted trend towards 
approaches such as co-creation, which seek user and stakeholder involvement in the design 
process, with the aim of creating more useful services and products. Whilst approaches such as 
this will require radical new approaches toward design in the future, in the short term 
consideration of the user and their needs can be incorporated into existing design processes in 
order to help begin to influence the perception of ‘needs’ in the consumer and move towards 
reduced consumption, reduced energy use, and more sustainable behaviour. 
For example, in a CC company updating an existing EuP, user trials and user centred design 
could be incorporated in order to help understand how energy use could be reduced over time. 
Similarly, a DD company could incorporate social sustainability into their design control 
activities by requiring any suppliers to meet certain fair-trade standards. Figure 8.13 illustrates 
the basic social sustainability considerations within an example washing machine design chain. 
This demonstrates how social sustainability considerations can be located within the 
considerations of the design process to help select more appropriate designs, and generate more 
effective solutions. By identifying the social impacts occurring within product design, it will be 
possible to target and customise SD activity to address the most impactful social issues at the 
most critical point of the design process. 
 
Figure 8.13. Example of Social Sustainability Issues in Washing Machine Design 
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8.6 BREAKDOWN OF DIMENSIONS INTO DESIGN PROCESS EVALUATION TOPICS 
The effective evaluation of product design processes presents a complex and broad challenge. In 
the context of the DfUS framework, process evaluation is a method that aims to encourage a 
targeted investigation of the design challenges and mechanisms existing within a company, with 
the ultimate goal of facilitating improved implementation of SD. To this end, the factors and 
dimensions presented in the previous sections of this chapter represent some of the key issues 
affecting both the design process itself, and the successful application of SD within design. 
These factors therefore can be used within the process evaluation to improve the understanding 
of design processes by focussing the study on the most critical areas, and enabling identification 
of recommendations that are not only the most pragmatic, but also the most effective. 
In the second stage of the DfUS framework, a series of tables are used to conduct the process 
evaluation and collect data about the design process. These tables are outlined in more detail in 
Section 9.4, and were developed to support the design evaluation by enabling companies to 
identify what, where and how they can embed and improve the consideration of sustainability 
within their design processes (as outlined in Figure 8.1). This targeted approach enables easy 
consideration of a holistic range of factors across all aspects of the business, and readily focuses 
the investigation by breaking down assessment into manageable and effective areas. 
The factors for ‘Complexity’ and ‘Sustainability’ are therefore used throughout the DfUS 
framework to identify different aspects of the design process. In the first instance, ‘Design 
Sustainability’ is used to identify the targets for sustainability consideration, and therefore the 
requirements of the product and business towards improving their environmental, economic 
and social sustainability. In the second instance, ‘Design Complexity is used to identify the 
opportunities for inclusion of sustainability, and therefore the features of the design process 
such as knowledge management methods, communication points and documentation. 
To this end, the dimensions of each classification factor were broken down to a further level of 
detail, to ensure that the design process evaluation is targeted to address the most relevant and 
influential areas. For each dimension, four topics have therefore been identified that can be used 
to support evaluation, as shown in Figure 8.14 for ‘Design Complexity’ and Figure 8.15 for 
‘Design Sustainability’.  
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Figure 8.14. Breakdown of Design Complexity Dimensions and Topics 
 
Figure 8.15. Breakdown of Design Sustainability Dimensions and Topics 
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The factor of sustainability addresses the first assertion of this research – that sustainability has 
to be considered earlier during the design process, and holistically throughout design activity to 
maximise the impact of SD. The sustainability topics identified in Figure 8.15 do this by 
encouraging the DfUS actor to consider a wide range of factors affecting their product, and their 
company, and to think about not only when these decisions are made during design, but how 
important and impactful they are in the greater context of the design process and business. 
The factor of complexity addresses the second assertion of this research – that sustainability 
needs to be better implemented into existing and established design processes to facilitate 
improved take up and practice of SD. The complexity topics identified in Figure 8.14 do this by 
encouraging the DfUS actor to consider how decisions are made, and how information is 
exchanged throughout their design processes, and to think about how effective and impactful 
the methods used to do this are.  
The following sub-sections describe the topics identified for each factor and dimension, and 
their importance towards helping direct the design process evaluation. It is important to note 
that is it not expected that these topics will be suitable for every application, as different 
products will have very different sustainability needs, and different companies will have very 
different complexity challenges. However, the DfUS framework methods developed in this 
research aim instead to offer a very general yet systematic overview as a starting point for design 
process evaluation, particularly for companies with low SD maturity, by casting a wide net to 
prompt consideration of a range of factors covering all aspects of the business and product. 
The information used to identify the key topics was informed by the experience of the author 
and in consultation with peers and industrial partners, as well as using the information gathered 
during the reviews reported in this thesis (as indicated in Chapter 6 and Figure 6.3).   
8.6.1 Evaluation Topics for Product Design Complexity  
The evaluation topics identified for product design complexity aim to encourage the actor to 
consider points of information exchange in the design process, and to help the company to 
map and understand both the effective, and ineffective points of communication that exist 
throughout their design chain. The four topics identified as being critically influential are: 
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i. Components and Sub-Assemblies: Increasing complexity with the number of 
different parts within a product leads to increasing points of communication between 
actors discussing technical issues. A design engineer often needs to talk to colleagues to 
gather expertise, and gain input and advice to help direct their activities towards 
refining and developing the product with respect to factors such as form and function. 
Within these interactions, information is gathered, compromises are made with other 
engineers, and learning is passed on between both parties.  
ii. Technology and Product Updates: Increasing complexity with the product itself 
arising from the inclusion of a wider range of technological requirements, or from a 
higher frequency of product updates and redesigns, also increases specific points of 
communication between actors and various specialists. In this context, a design 
engineer needs to gather information and input from these experts to shape the 
specification and function of the product with respect to a large range of issues from 
ergonomics to electronics.  These interactions are likely to be more one-way with the 
designer collecting key product requirements from relevant expert actors. 
iii. Internal Actors and Disciplines: Increasing complexity with the size and 
organisation of the company leads to increasing points of communication between 
different disciplines and departments. The design engineer will need to collaborate with 
departments such as market and purchasing, as well as production and and quality to 
gather supporting information about the product in the wider context of the business. 
Within these interactions, information is gathered, and experts collaborate and make 
compromises about key product features. 
iv. External Actors and Disciplines: Increasing complexity with the involvement of 
external expertise coming from outside the organisation, for example from suppliers 
and consultants, increases the points of external communication. In these scenarios the 
design engineer will consult with these external experts to direct key information such 
as styling or distribution. These interactions will likely involve a mix of one-way 
information coming from external sources, as well as collaboration to develop mutually 
beneficial product solutions.   
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8.6.2 Evaluation Topics for Knowledge Management Complexity 
The evaluation topics identified for knowledge management complexity aim to encourage the 
actor to consider and identify the methods for knowledge management that are 
embedded within the design process, and to help the company to map and understand both the 
effective, and ineffective points of knowledge creation, transfer, storage and application that 
exist throughout their design chain. The four topics identified as being critically influential are: 
i. Knowledge Definition and Syntax: Increasing complexity with structures for the 
creation and sharing of knowledge creates points of exchange for data within the design 
process. These exchanges can occur through briefing documents, electronic files and 
software, or through common data libraries. These mechanisms therefore help designer 
engineers to not only share their understanding, but also set terms of reference for their 
information. 
ii. Formal Explicit Systems: Increasing complexity with the formal systems for 
sharing knowledge creates opportunities for gathering and disseminating data within 
the design process. These exchanges occur often at regular and pre-determined points 
in the design process, and present effective ways to share routine and well defined 
information through mechanisms such as design specifications and change documents, 
and design briefings and review meetings. These are often compulsory components of 
the design process, controlling and guiding core decision making and information 
sharing between critical actors. 
iii. Informal Tacit Systems: Increasing complexity in the less formal and defined 
systems used by designers for generating ideas and sharing concepts, creates 
opportunities for the exchange and utilisation of knowledge across the design process.  
These exchanges typically occur on an ad-hoc basis throughout design, enabling ideas 
to be exchanged and information to be used to support more regularly occurring, and 
unpredictable design decisions. Examples of this could be more localised team 
meetings, discussions outside of traditional work settings, or customised internal 
design team support mechanisms. 
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iv. IT Based Systems: Increasing complexity in IT and software based creation and 
sharing of product information provides a large amount of options for both collecting 
and exchanging data. The software used within design usually supports designers in 
making and managing their decisions through systems such as CAD and PDM, 
however, IT interventions can also be used to promote collaboration through messaging 
and other mechanisms. These opportunities therefore help designers to shape the 
products and collaborate with their peers throughout different aspects of the design 
process. 
8.6.3 Evaluation Topics for Regulatory Complexity 
The evaluation topics identified for regulatory complexity aim to encourage the actor to consider 
and identify the documents controlling decisions within the design process, and to help 
the company to map and understand both the effective, and ineffective documents and 
procedures that control their design chain. The four topics identified as being critically 
influential are: 
i. Internal Checkpoints: Increasing complexity in the decision gates controlling the 
design process leads to increasing design documentation required for sign-off and 
approval.  These can occur at various stages across the design process depending on the 
needs of the business, and are typically utilised at regular and pre-determined points in 
design. For example, from initial concept approval documents through to finalised 
engineering drawings. These various documents therefore control core decision making 
and information sharing between critical actors. 
ii. Legislative Compliance: Increasing complexity in the legislative requirements of the 
product leads to increasing documentation related to ensuring compliance. These 
documents not only exist for final approval with given regulations, but also typically 
occur throughout the design process in the form of strategy, training, and monitoring 
documents to control and direct the compliance activities. In this context, they 
therefore help designers to understand key product requirements and contain 
prescriptive guidance and information about key product features. 
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iii. Eco-Labelling and Certification: Increasing complexity arising from the 
incorporation of voluntary compliance activities such as those relating to eco-labels 
further increases the amount of documentation required to support designers and 
ensure compliance. Similarly to the legislative compliance, these documents can occur 
throughout all stages of the design process, however tend to be more focussed on 
providing supportive, strategic information to designers to help guide improved design. 
iv. Testing and Monitoring: Increasing complexity in the requirements for product 
testing and approval lead to increased documentation related to measurement and 
reporting of product performance and requirements. These testing activities tend to be 
internal requirements set by the company, and can cover a range of requirements from 
ensuring quality control, to controlling revision changes to the design itself. As such, 
they are frequently dependant on the specific needs of the product and nature of the 
development activity, and provide opportunity for designers to disseminate and record 
key information about the product. 
8.6.4 Evaluation Topics for Environmental Sustainability 
The evaluation topics identified for environmental sustainability aim to encourage the actor to 
consider and identify the environmental considerations for the product and business that 
need to be taken account within the design process, and to help the company to map and 
understand where decisions impacting their environmental footprint are made in their design 
chain. The four topics identified as being critically influential are: 
i. Materials: The identification and selection of appropriate materials have been shown 
to be critical in reducing the environmental footprints of products. This can help to 
identify improved consideration across a range of life cycle stages, from reducing 
toxicity and improving recoverability, through to ensuring product longevity and 
optimising the part design and production methods. 
ii. Energy: The efficient and appropriate use of energy is a key consideration in reducing 
the environmental footprint of a product and business, particularly in the case of 
energy using products and services. Holistic consideration of energy should therefore 
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not only address the way energy is utilised throughout the life of a product, but also the 
source of the energy used. 
iii. Production: The design of products for efficient production can be a key 
consideration for helping companies to identify pragmatic areas to reduce their 
environmental footprint. As such, designers can take into account factors such as 
appropriate selection of processes and suppliers, as well as considering distribution and 
design for manufacture. 
iv. End of Life: Enabling effective end of life management and processing of products is a 
key consideration in helping reduce life cycle impacts and promote responsible 
production. Therefore, designers should consider not only how to design for improved 
recycling, but also to enable simple maintenance and upgradability to extend the life 
cycle of products where appropriate.  
8.6.5 Evaluation Topics for Economic Sustainability 
The evaluation topics identified for economic sustainability aim to encourage the actor to 
consider and identify the strategic economic considerations for the product and business 
that need to be taken account within the design process, and to help the company to map and 
understand where decisions related to economic sustainability – and particularly the future 
resilience and longevity of their business – are made in the design chain. The four topics 
identified as being critically influential are: 
i. Resilience of Supply: Securing a consistent and appropriate source of supply for 
resources are a critical component of the economic stability and sustainability of a 
manufacturing business. Therefore, a company can improve strategic consideration of 
these economic challenges by selecting appropriate material sources and types, and by 
raising awareness of the relevant challenges affecting their business throughout the 
supply chain. 
ii. Future Liabilities and Risks: Ensuring a product and business are aware and 
responsive to potential future legislations and risks associated with the sustainability of 
their business is critical in ensuring competitiveness and economic sustainability.  As 
such, a designer can consider not only market fluctuations, but also key environmental 
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factors that may help them to comply with emerging legislation and develop more 
resilient business operations in the future. 
iii. Business Strategies: New business models with a focus on service delivery and 
customer engagement have not only been shown to enable large reductions in 
environmental impacts, but also in improving competitiveness and responsiveness in 
the face of changing market and customer demands. Therefore, these considerations 
are critical to the economic sustainability of a business, and in this context, a designer 
could consider how to begin to include initiatives for promoting flexibility, as well as 
exploring development of new services and stakeholder engagement strategies as part 
of the design process. 
iv. Market Changes: Strategies for new systems of production and consumption have 
been identified as being critical to the resilience and therefore economic sustainability 
of businesses in the future. As such, the designer can consider targeting new markets, 
utilising new technologies, and exploring new methods of product delivery to help the 
company to identify new ways to meet market demands in the future. 
8.6.6 Evaluation Topics for Social Sustainability 
The evaluation topics identified for social sustainability aim to encourage the actor to consider 
and identify the social considerations for the product and business that need to be taken 
account within the design process, and to help the company to map and understand where 
decisions related to social sustainability are made in their design chain. The four topics 
identified as being critically influential are: 
i. Corporate Use Responsibility: The efficient use of resources throughout the life 
cycle of a product has been highlighted as one of the largest contributions to its 
environmental impact. From a social perspective, encouraging more sustainable 
behaviours at this phase also helps with consumer education and raises awareness 
about sustainability. Therefore, the designer can develop a product to consider the 
responsibility of the ‘use’ phase, including addressing challenges such as appropriate 
life cycles and efficient use of energy and water. 
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ii. Consumption and User Engagement: Designing a product or service to encourage 
smarter interaction with the user can help to improve the social sustainability of the 
product by promoting development of products that meet real needs, and enable 
improved quality of life as well as reduced environmental impacts. In this context, a 
designer can consider a range of user factors during design, such as improved 
ergonomics, persuasive design of products, and improving communities and 
engagement. 
iii. External Social Responsibility: Often referred to ‘corporate social responsibility’ it 
has become increasingly commonplace for companies to be required to consider their 
social impacts throughout their immediate value chain, including not only users but 
also suppliers and their surrounding communities. As such, the designer can consider 
improvement of factors such as health and safety, through to fair trade and ensuring 
equitable employment within supply chains. 
iv. Internal Social Responsibility: When considering social sustainability, it will be 
key for companies to support their internal resources, in terms of not only looking after 
but also developing their employees. In this context, improved design approaches can 
consider promoting group working, providing training programmes, and ensuring a 
healthy working environment for internal stakeholders. 
8.7 BREAKDOWN OF TOPICS INTO DESIGN PROCESS EVALUATION CRITERIA  
The topics outlined in the previous section help to direct the evaluation of design processes 
towards the most influential issues affecting the incorporation of SD. However, in order to 
support companies with low SD maturity, and low experience with design process improvement, 
these topics need to be further broken down to support systematic and guided investigation. 
To do this, a set of pre-defined DfUS tables were developed within this research, where each 
table breaks one topic down into five evaluation criteria that prompt identification of the most 
influential, or most critical aspects for that particular topic (see Section 9.4.3 for further details). 
To this end, Figure 8.16 shows examples of five evaluation criteria developed for the topic of 
‘production’, related to the control models CC and DC respectively. 
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Figure 8.16. Excerpt showing example DfUS Evaluation Criteria for Topic of ‘Production’ and Control 
Models CC and DC 
This figure illustrates that different criteria were created for different control models. This is 
because typical design processes within each different control model will require different 
evaluation criteria to be considered. For example, in a CC company it may be important to 
consider the efficiency of in-house production machinery during product design, however, in a 
DC company this may not be feasible as specifying machinery would be beyond their scope of 
control. Instead, in this case, they may need to consider if any selected suppliers were certified 
in environmental production, such as ISO14001 – Environmental Management (ISO, 2004). 
This example is illustrated in Figure 8.16, which demonstrates that a simple change in 
evaluation criteria for different control models will prompt the company to ensure that their 
suppliers will use efficient manufacturing practices, and thus uses a different specific evaluation 
criterion to serve the same purpose as that of the equivalent criterion from the CC list. 
To this end, the classification factors, dimensions, topics, and criteria were selected in this 
research using key themes from the literature to direct process investigation towards the most 
influential and pragmatic means. This supports the concept first illustrated in Figure 8.1, where 
the factor of design control is shown to help guide the factors of sustainability and complexity 
towards identification of what, where and how SD can be embedded into existing processes. Full 
details of the specific evaluation criteria generated for each topic, and for each control model are 
contained within Appendix B.  
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From this final level of breakdown – from factors to dimensions to topics and finally criteria - it 
is clear that the final DfUS framework covers a very broad range of different considerations. In 
this context, Figure 8.17 illustrates an overview of the interaction between the three top-level 
design classification factors by showing a matrix of how the DfUS tables for each topic within 
complexity and sustainability exist across each different control model. This shows that for each 
of the 24 topics, there are three tables, one for each control model. This enables flexibility in 
framework application, to direct the process evaluation towards consideration of the most 
relevant and influential criteria for each individual company in a variety of scenarios. 
8.8 CHAPTER SUMMARY 
This chapter has outlined the various classification factors identified in this research to help 
direct the activity of design process evaluation, and to help understand the critical issues 
affecting the inclusion of sustainability considerations within design processes.  Three design 
process classification factors were put forward – Control, Complexity, and Sustainability – each 
with an additional breakdown into three key dimensions. Finally the individual topics and 
evaluation criteria developed for each dimension were discussed to highlight the rationale used 
to support the DfUS process evaluation method developed in this research. 
 
 
Figure 8.17. Matrix of Classification Factor interaction for the DfUS Tables 
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By breaking down classification into these various factors, dimensions, topics, and criteria, a 
strategic and guided approach to design process evaluation has been developed. This enables 
classification to become systemised and simple, particularly for companies who have little 
experience in this area, and to this end, the various factors, dimensions, topics and criteria 
outlined in this chapter are used to direct the design process evaluation method developed in 
this research. Thus, Chapter 9 continues by detailing the first two stages of the DfUS framework 
in which the strategy is set and design processes are evaluated, presenting the tables and graphs 
developed within this research to enable identification of targets and opportunities for 
embedding SD practice within established design processes. 
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9. STRATEGIC DESIGN PROCESS EVALUATION FOR 
UBIQUITOUS SUSTAINABILITY 
9.1 INTRODUCTION 
This chapter outlines the first and second stages of the DfUS framework in which the company 
sets the priorities for their SD improvement activity, and assesses and categorises their 
established design processes to identify effective targets and opportunities for inclusion of 
sustainability considerations. To enable this, a comprehensive and systematic method for 
guided ‘design process evaluation’ has been developed as part of this research. 
The initial section of the chapter provides an overview of the first ‘strategise’ stage of the 
framework, and the key steps that are taken to initiate a sustainable design process 
improvement activity and set the goal, scope and purpose of the project. The second section of 
the chapter then goes on to present the second ‘evaluate’ stage and describes the DfUS design 
process evaluation method, presenting the tables and graphs developed based on the factors, 
dimensions, topics and criteria outlined in Chapter 8, to help a company identify areas and 
methods for SD intervention. Finally, the concluding section of the chapter outlines a prototype 
software developed as part of this research, and discusses its application toward more effective 
implementation of the DfUS framework in practice. 
9.2 STRATEGIC DESIGN PROCESS EVALUATION FOR UBIQUITOUS SUSTAINABILITY 
The DfUS framework developed in this research aims to improve the implementation and 
management of SD by encouraging a company to explore the opportunities and challenges for 
embedding sustainability considerations into their design processes. To achieve this the 
framework provides an approach that gives guidance towards consideration of a wide range of 
issues across both the product life cycle, and operation of the business, whilst encouraging and 
not restricting innovation. This supports an increase in maturity and experience with 
sustainability through an evolutionary approach to growing and improving practice. 
Furthermore, the DfUS framework aims to achieve this through effectively redesigning the 
design process itself – or, ‘Designing Ubiquitous Sustainability into Product Design Processes’.  
By targeting improvement activities at the design process as opposed to the product in this way, 
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the framework aims to have a significant, long-term effect towards reducing the impacts of the 
company through ‘teaching them to fish’ and providing a method for identifying improvements 
in communication, collaboration and control for effective inclusion of SD within the design 
process – the vehicle of product creation. To this end, the DfUS framework helps a company to 
learn how to interrogate, evaluate and improve their own activities, and therefore promotes a 
steady and strong growth in SD maturity over time using established and effective processes. 
To enable this strategic and considered improvement of SD activity, the first two stages of the 
DfUS framework are ‘the scoping and definition of strategic requirements’ and ‘the classification 
and evaluation of design processes’. These are central to the effective application of the 
framework as they enable assessment of the needs of the company, identification of the targets 
for sustainability improvement, and classification of the inherent features that exist within their 
established design process that can be used to help facilitate the inclusion of sustainability 
within design. An overview of these stages is shown in Figure 9.1, illustrating the key input to 
these stages – the DfUS workbook – and the outputs from each stage, the design process 
BOSCARD and maps. 
 
 
 
Figure 9.1. Overview of Inputs and Outputs to Stages 1 and 2 of the DfUS Framework 
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The DfUS workbooks were developed to help a company to start implementing the framework, 
and conduct these first two stages. The workbooks contain a series of DfUS tables that facilitate 
and direct the process evaluation, and enable opportunities and targets for SD to be mapped 
against the key stages of the design process. They also contain the design process BOSCARD 
created to direct the project scoping, and additional supporting notes in the form of a preface 
sheet to aid in investigation providing helpful tips to the actor conducting the study. A 
breakdown of the contents of a DfUS workbook is detailed in Table 9-1, and an example DfUS 
workbook for control model CC is included in this thesis in Appendix C. 
The DfUS actor uses a workbook to fill the tables with information about the design process, and 
this data is in turn used to generate a series of graphs and maps that highlight the key 
characteristics of the design process, and enable identification of ‘hot-spots’ for potential SD 
interventions. These findings are then taken forwards into the ‘prioritisation’ stage outlined in 
Chapter 10, and used to generate a list of recommendations for embedded sustainability. 
Table 9-1. Contents of a DfUS Workbook 
PAGE THUMBNAIL CONTENTS PURPOSE FURTHER DETAILS 
1 
 
Cover Page Cover sheet containing information about 
application of the DfUS Framework, and 
the contents of the workbook. 
Appendix C 
2 
 
Preface Sheet Sheet with notes on completing the 
tables and hints and tips for effective 
process evaluation. 
Section 9.4.3.1 & 
Figure 9.10. 
3 
 
Design Process 
BOSCARD 
Sheet encouraging the actors to set the 
goal and scope of the process 
improvement project. 
Section 9.3.3 & 
Figure 9.3. 
4-6 
 
Design 
Sustainability 
Worksheets 
Worksheets containing tables for 
Environmental, Economic, and Social 
sustainability, and providing guidance on 
scoring models for each. 
Section 9.4.3 & 
Figure 9.9 
7-9 
 
Design 
Complexity 
Worksheets 
Worksheets containing tables for Product 
Design, Knowledge Management, and 
Regulatory complexity, and providing 
guidance on scoring models for each. 
Section 9.4.3 & 
Figure 9.8 
 
 
DfUS WORKBOOK 
 
 
 
 
 
 
 
 
 
 
 
 
THE DfUS FRAMEWORK 
 
 
The DfUS (Design for Ubiquitous Sustainability) framework has been developed to help designers better understand how 
they can incorporate and embed sustainability considerations into their design processes. 
 
 
This document contains a set of six worksheets that aid in evaluation of the design process. 
There are three worksheets relating to ‘Sustainability’ that help to identify the TARGETS for sustainability consideration, 
and three sheets relating to ‘Complexity’ that help to identify the OPPORTUNITIES for their implementation. 
 
These worksheets represent the first stage of the DfUS framework, and in the next stage the information collected in the 
various tables will be taken forward and mapped into a series of graphs. The resulting graphs will visually represent the 
findings and help to support decision making by showing the sustainability ‘hot-spots’ in your product and design process. 
 
 
 
TIPS 
 
If you can’t fill everything in, that’s OK. Not every evaluation criteria will be relevant or applicable. 
 
I also welcome any feedback you have on the contents of the tables, or the format and usability of the tables. It’s 
important that they are easy to understand and help to guide the user to consider a wide range of different factors which 
may not necessarily seem obvious at first. 
 
The worksheets included here are a ‘beta’ version of a piece of software being developed. 
As such, please treat them with confidence and do not distribute them without permission from the author. 
 
If you have any questions, please contact the author Leila Sheldrick at l.sheldrick@lboro.ac.uk 
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THE DfUS WORKBOOK / NOTES FOR EVALUATION  
 
 
 
STAGES OF THE DESIGN PROCESS 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
GUIDE TO COMPLETING THE WORKSHEETS
 
 
DfUS TABLE  / WORKSHEET 
 
 
 
 
 
PL
AN
N
IN
G
 
CO
N
CE
PT
 
SY
ST
EM
 
D
ET
AI
L 
SPECIFY DECISION  
 
EVALUATION CRITERIA 
M
AT
ER
IA
LS
  i Selection of recyclable materials (homogeneous, recyclable, limited variety)      
ii Selection of low impact materials (non toxic, responsibly sourced)      
iii Material separability (uncoated, limited use of adhesives, dissimilar densities)      
iv Material longevity (corrosion resistant, appropriate to use life)      
v Efficient use of material (optimised component design, light weighting)      
    TOTALS      
           
EN
ER
G
Y 
 i Energy type and source during use (from safe and renewable sources)       
ii Energy efficiency during use (efficient mechanisms and operation of product)       
iii Energy type and source used in production (safe and renewable sources)       
iv Energy efficiency in production processes (efficient machinery and systems)       
v Transportation methods       
    TOTALS       
           
PR
O
D
U
C
TI
O
N
 i Selection of low impact processes (energy efficient, zero waste)       
ii Economies of scale and standardisation (use of off-the-shelf and standard parts)       
iii Part geometry (design for manufacture, near net shape, minimised operations)       
iv Geographical location of manufacturing, operations and suppliers       
v Efficient packaging (minimised packaging materials and volume of packages)       
    TOTALS       
           
EN
D
 O
F 
LI
FE
 i Upgradability and modularity (remanufacturing, maintenance, fewer components)       
ii Assembly methods (non permanent, accessible, standard head types)       
iii Labelling and Identification of parts to aid recycling       
iv Reliability and durability (extended life cycle)       
v Take back and collection methods and systems       
   TOTALS      
DIRECTIONS 
This table highlights 
environmental 
considerations related 
to your product and 
company. 
For each criterion, 
specify the most 
influential 
corresponding 
decision, and indicate 
the stage in the design 
process at which this 
decision is made. 
 
SCORING 
Give a score to each 
identified decision 
based on its overall 
effect on 
environmental impact. 
 
KEY 
0 = Not Applicable 
1 = Negligible Effect 
2 = Minor Effect 
3 = Moderate Effect 
4 = Significant Effect 
5 = Severe Effect 
 
 
Product/Division: 
 
 
 
Date: 
 
 
 
Author: 
 
 
 
For each evaluation criterion, first assess if it is relevant to 
your business or product. If so, identify the corresponding 
stage of consideration within the design process and give 
it a score according to the key on each worksheet. 
 
A 
Add notes to help identify the 
specific decisions, or methods in the 
design process  
 
B 
PLANNING 
This is typically the stage of the 
design process in which the need 
for the product is identified, the 
initial brief and preliminary 
requirements are set, and the 
strategy is developed for the new, 
or redesigned product. 
CONCEPT 
This is typically the stage of the design 
process in which the initial concepts for the 
product are developed, exploring the function 
and market needs. This often uses divergent 
ideation methods such as brainstorming, and 
requires more detailed requirement setting to 
initiate development. 
 
SYSTEM 
This is typically the stage of the 
design process in which the product 
architecture is outlined, dividing it 
into specific subsystems and 
components. This will also likely 
include formal setting a design 
process specification. 
 
DETAIL 
This is typically the stage of the design 
process in which the final detail product 
development is conducted to generate 
the final solutions. This stage likely 
involves initial testing, prototyping, and 
detailed design for manufacture and 
process selection. 
 
DfUS WORKBOOK 
 
DESIGN PROCESS BOSCARD / DfUS FRAMEWORK 
 
 
PRODUCT/DIVISION 
 
 DATE  
    
COMPANY 
 
 AUTHOR  
    
BACKGROUND 
(Background 
information, e.g. type, 
purpose and reasons for 
project, and any key 
stakeholders) 
 
 
 
 
 
 
 
ASSUMPTIONS 
(Any factors that are, 
for planning purposes, 
considered to be true 
e.g. assumptions 
about product, 
processes, data or 
impacts) 
 
 
 
 
 
  
 
    
OBJECTIVES 
(Project goals, 
objectives, and expected 
outcomes e.g. to 
improve market 
resilience, decrease 
energy usage or comply 
with an eco-label)  
 
 
 
 
 
 
RISKS 
(Any risks identified 
including a quick 
assessment of how to 
address them e.g. time 
or money expenditure 
involved in the project) 
 
    
SCOPE 
(Which processes or 
products will be 
included, and which 
design activities / teams 
/ departments will be 
included etc.) 
 
 
 
 
DELIVERABLES 
(Key deliverables that 
the project is required 
to produce in order to 
achieve the stated 
objectives) 
 
 
  
 
 
 
    
CONSTRAINTS 
(Specific constraints or 
restrictions that limit or 
place conditions on the 
project, e.g. limits of 
project scope or areas of 
consideration) 
 NOTES 
(Extra information) 
 
 
DfUS TABLE  / WORKSHEET 
 
 
 
 
/ CENTRAL DESIGN CENTRAL CONTROL 
PL
AN
N
IN
G
 
CO
N
CE
PT
 
SY
ST
EM
 
D
ET
AI
L 
SPECIFY DECISION  
 
EVALUATION CRITERIA 
M
AT
ER
IA
LS
  i Selection of recyclable materials (homogeneous, recyclable, limited variety)      
ii Selection of low impact materials (non toxic, responsibly sourced)      
iii Material separability (uncoated, limited use of adhesives, dissimilar densities)      
iv Material longevity (corrosion resistant, appropriate to use life)      
v Efficient use of material (optimised component design, light weighting)      
    TOTALS      
           
EN
ER
G
Y 
 i Energy type and source during use (from safe and renewable sources)       
ii Energy efficiency during use (efficient mechanisms and operation of product)       
iii Energy type and source used in production (safe and renewable sources)       
iv Energy efficiency in production processes (efficient machinery and systems)       
v Transportation methods       
    TOTALS       
           
PR
O
D
U
CT
IO
N
 i Selection of low impact processes (energy efficient, zero waste)       
ii Economies of scale and standardisation (use of off-the-shelf and standard parts)       
iii Part geometry (design for manufacture, near net shape, minimised operations)       
iv Geographical location of manufacturing, operations and suppliers       
v Efficient packaging (minimised packaging materials and volume of packages)       
    TOTALS       
           
EN
D
 O
F 
LI
FE
 i Upgradability and modularity (remanufacturing, maintenance, fewer components)       
ii Assembly methods (non permanent, accessible, standard head types)       
iii Labelling and Identification of parts to aid recycling       
iv Reliability and durability (extended life cycle)       
v Take back and collection methods and systems       
   TOTALS      
DIRECTIONS 
This table highlights 
environmental 
considerations related 
to your product and 
company. 
For each criterion, 
specify the most 
influential 
corresponding 
decision, and indicate 
the stage in the design 
process at which this 
decision is made. 
 
SCORING 
Give a score to each 
identified decision 
based on its overall 
effect on 
environmental impact. 
 
KEY 
0 = Not Applicable 
1 = Negligible Effect 
2 = Minor Effect 
3 = Moderate Effect 
4 = Significant Effect 
5 = Severe Effect 
 
 
ENVIRONMENTAL SUSTAINABILITY 
Product/Division: 
 
 
 
Date: 
 
 
 
Author: 
 
 
 
 
DfUS TABLE  / WORKSHEET 
 
 
 
 
/ CENTRAL DESIGN CENTRAL CONTROL 
PL
AN
N
IN
G
 
CO
N
CE
PT
 
SY
ST
EM
 
D
ET
AI
L 
SPECIFY EXCHANGE  
 
EVALUATION CRITERIA 
CO
M
PO
N
EN
TS
 
&
 S
U
B
-
AS
SE
M
B
LI
ES
 i Contact with designers to discuss form and styling      
ii Contact with engineers to discuss function      
iii Contact with engineers to discuss component interfaces and interactions      
iv Contact with production to discuss manufacturability of components      
v Contact with production to discuss assemblability of product      
    TOTALS      
           
TE
CH
N
O
LO
G
Y 
&
 P
R
O
D
U
CT
 
U
PD
AT
ES
 
i Contact with associated component/technology sub-divisions (electronics, materials)       
ii Contact with specialist technology experts       
iii Contact regarding specialist human factors (usability and ergonomics)       
iv Contact with customers for product customisation       
v Contact with marketing to set frequency of changes       
    TOTALS       
           
IN
TE
R
N
AL
 
AC
TO
R
S 
&
 
D
IS
CI
PL
IN
ES
 i Contact with Manufacturing       
ii Contact with Purchasing       
iii Contact with Quality       
iv Contact with Testing and Technicians       
v Contact with Marketing and Corporate Management       
    TOTALS       
           
EX
TE
R
N
AL
 
AC
TO
R
S 
&
 
D
IS
CI
PL
IN
ES
 i Contact with Stylists       
ii Contact with Suppliers       
iii Contact with Customers       
iv Contact with Distributors (resellers, dealerships, franchise, shops)       
v Contact with Consultants (specialist knowledge and expertise, e.g. ergonomics)       
   TOTALS      
DIRECTIONS 
This table highlights 
points of information 
exchange within your 
existing design 
processes. 
For each criterion, 
specify the most 
important points of 
contact, and indicate the 
stage in the design 
process at which this 
exchange occurs. 
 
SCORING 
Give a score to each 
identified exchange 
based on its overall 
effectiveness in 
directing design 
decisions. 
 
KEY 
0 = Not Applicable 
1 = Ineffective 
2 = Mildly Effective 
3 = Moderately Effective 
4 = Very Effective 
5 = Extremely Effective 
 
 
PRODUCT DESIGN COMPLEXITY 
Product/Division: 
 
 
 
Date: 
 
 
 
Author: 
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This highlights that even the initial stages of design process evaluation require a large amount of 
data collection and processing in order to effectively investigate current activities, procedures, 
and product aspects. The review reported in Chapter 4 found that in practice, companies often 
utilise IT based tools when undertaking complex tasks such as this, as they offer simple and 
effective data management. They are also readily taken up by industry as they can offer 
increased functionality and ease of use, allowing fast access to knowledge and features that 
other formats cannot. As such, a prototype piece of software was developed to accompany the 
design process evaluation method designed in this research, and the closing section of this 
chapter describes a prototype software tool developed to aid in implementation of the DfUS 
process evaluation approach towards more flexible and independent process improvement and 
application of the framework.   
This chapter continues firstly by outlining the opening stages of the framework and detailing the 
steps required firstly for strategic project scoping, and secondly for targeted process evaluation; 
describing the BOSCARD created to define the project objectives, the DfUS tables developed to 
direct the design process evaluation and the graphs and maps designed to support decision 
making and identification of opportunities for SD improvement.  
9.3 STAGE 1: STRATEGIC DfUS PROJECT SCOPING 
Conducting a holistic design process improvement activity is a large and complex task. Product 
development processes within a company typically involve many different activities and actors, 
and as such, over time they become more established and efficient. It would therefore be both 
disruptive and expensive to introduce completely new design processes in order to include 
sustainability. Instead it is important to undertake a strategic and targeted approach towards 
implementing any new practices. This allows the company to direct improvements at the most 
pressing and impactful areas for the business, raise awareness about these new initiatives, and 
grow experience and maturity with new practices over time. It is therefore clear that any design 
process improvement activity must be well defined, purposeful, and feasible, in order to 
maximise the chance of being useful and successful. To this end there must also be a strategic 
and considered definition of the goals of the DfUS sustainable design improvement project. 
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As such, in the first stage of the DfUS framework the company should set the goal and scope of 
their sustainable design process improvement activity, to give it purpose and set reasonable, 
achievable boundaries. An overview of this stage is depicted in Figure 7.3. This stage will not 
only define the strategic requirements for the project, but will also give context for the actor and 
help to guide both the evaluation and the prioritisation to identify and select the most 
appropriate recommendations for SD. 
The following sub-sections detail the three steps involved in initiating a DfUS sustainable design 
process improvement project, discussing the identification of strategic requirements, the 
selection of an appropriate actor or team to conduct the study, and completion of the BOSCARD 
document to set the goals and scope and provide a guide for the remaining stages of the 
framework activities. 
 
 
 
Figure 9.2. Stage 1 of the DfUS Framework showing the key steps of Setting Project Strategy 
1. STRATEGISE 
 
Step 1.3 
Define the goal and scope 
of the study 
Step 1.2 
Select an appropriate 
actor, or actors, to 
conduct the study 
2. EVALUATE 
3. PRIORITISE 
4. IMPLEMENT 
Step 1.1 
Detail the purpose of 
the improvement activity 
1.3 Design Process 
BOSCARD 
1.1 Set Company 
Priorities 
1.2 Select DfUS Actor(s) 
Team 
Individual 
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9.3.1 Step 1.1: Set Company Priorities 
The drive to begin an improvement project such as this could come from a number of 
departments or initiatives within an organisation, and in many cases the requirement to include 
sustainability considerations within design activity may be driven by strategic targets set by 
central management. For example, the company may desire to eliminate packaging, improve 
energy efficiency of production, reduce the carbon footprint of their products, or obtain a 
specific environmental label. Therefore, the aim and focus of the study should be clearly 
established from the outset by the department initiating it. This information, although likely 
varying in detail for different companies and different situations, will guide the selection of an 
appropriate actor to execute the assessment, and will help form the goal and scope of the study. 
No formal method is provided in this research to give shape to this opening stage, as it is 
expected that commencing such a project is often very amorphous and initiation evolves 
through a number of avenues beyond the scope of the project. This step is likely therefore to 
involve information gathering and informal discussions, and any outputs or knowledge 
generated will be captured and used ultimately to inform the third step in which the BOSCARD 
is completed. 
9.3.2 Step 1.2: Assign a DfUS Actor 
Once it has been identified that a DfUS project will be undertaken to help a company make 
improvements to their SD activity, an appropriate actor, or team of actors, should be selected to 
conduct and manage the study. This actor should have a holistic overview and understanding of 
the specific features and functions of the design processes and procedures being investigated, 
and their associated complexities. Clearly, this actor must also have an in-depth and detailed 
understanding of the products being developed, and the design activities in practice (e.g. a 
design manager), as in the subsequent stages, they will be required to identify the critical 
structures and methods controlling the information flow within design, and to understand the 
difficulties faced in decision-making and communication, as well as the impacts of those design 
decisions on the product and process. 
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9.3.3 Step 1.3: Set the Goal and Scope 
This step involves completion of a ‘Design Process BOSCARD’, a document that will help to 
formally guide the study and direct the subsequent framework stages. An example of a blank 
DfUS BOSCARD document is shown in Figure 9.3.  By encouraging the DfUS Actor and 
company managers to set the initial terms of reference for the project at this stage, the 
framework employs a similar approach to that utilised by LCA in which the first stage involves 
setting the Goal and Scope of the project (ISO, 2006). Within this research the BOSCARD 
(background, objectives, scope, constraints, assumptions, risks and deliverables) approach was 
employed to meet this purpose, as it is a strategic planning tool widely used by large and small 
companies in project initiation documents to set the direction, and gain approval and 
commitment from stakeholders (Haughey, 2014). 
This first scoping stage of the DfUS Framework therefore sets the context for the study and 
provides information for the DfUS actor, to enable them to better understand the needs of the 
company and any specific objectives of the study from the outset. In this context, the 
information on the form should not only be used to report details of the origination and focus of 
the study, but can also be used to provide a measure by which the success of the improvement 
activity may be assessed. By gaining a better understanding of the company’s strategic 
intentions and goals in this way, the DfUS actor can then focus the subsequent design process 
evaluation, and the prioritisation activity, to ensure that the aims of the design process 
improvement project are being considered throughout assessment and decision making. 
This stage therefore sets the context for the remaining stages of the project and application of 
the framework, and helps to prepare for and direct the design process evaluation activity 
described in the following section of this chapter. 
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Figure 9.3. DfUS Design Process BOSCARD Worksheet  
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9.4 STAGE 2: DfUS DESIGN PROCESS EVALUATION 
Design processes are typically composed of a very complex, often amorphous, set of activities 
and procedures involving a number of different actors across a business. They are also highly 
variable, often changing and evolving based on the needs of the company, the product and even 
the actors involved. The reviews reported in Chapters 4 and 5 highlighted that effective 
management and understanding of the design process has a large impact on the effectiveness of 
SD activity, and the communication and collaboration that occurs within design chains. As such 
it is critical to enable a company to gain a better understanding of their design processes, and of 
the sustainability factors associated with their activities, in order to help grow maturity and 
embed impactful sustainability consideration throughout an efficient and effective design chain. 
This approach addresses the third key assertion of this research – that sustainability 
implementation needs to occur through evolution as opposed to revolution, to grow and adapt 
existing design processes for fast and effective uptake of SD practice. 
This will be particularly useful for enabling companies with relatively little experience in design 
improvement, or knowledge of SD approaches, to easily and effectively assess their existing 
practices and identify areas for improvement. For companies who are not aware of the wider 
impacts of their own products, it also provokes them to consider a range of factors from all three 
pillars of sustainability, and to consider the established practices and structures occurring 
within their own design processes. This process evaluation method consists of five key steps as 
illustrated by Figure 9.4.  
These five investigative steps are centred on the three classification factors of CONTROL, 
COMPLEXITY, and SUSTAINABILITY, identified in Chapter 8 to help to identify what, where and 
how various sustainability factors are affected, or can be implemented, within a design process 
(see Figure 8.1). The following sub-sections detail the five individual steps in this evaluation 
methodology, discussing the construction of the various DfUS tables, graphs and maps, and 
describing their use to identify both targets for sustainable design consideration, and 
opportunities for inclusion of sustainability throughout the various stages of the design process. 
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Figure 9.4. Stage 2 of the DfUS Framework showing the key steps of Design Process Evaluation 
9.4.1 Step 2.1: Decide Experience Level 
Within the second stage of the DfUS framework, there are two potential routes to conduct an 
evaluation of product design processes. The first option is a prescriptive and directed route 
designed for companies with low maturity in SD, meaning they are likely to have little 
experience of the application of sustainability in their design activity. The second is a more 
customised approach for companies with high maturity and previous experience in 
implementing design process improvements, or sustainability initiatives. An overview of these 
two routes is depicted in Figure 9.5, showing the additional steps required for companies with 
high maturity to create their own customised DfUS tables, in comparison with lower maturity 
companies who can opt to simply utilise the pre-defined tables developed as part of this 
research. 
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Figure 9.5. Variation in routes through DfUS Process Evaluation for different maturity levels 
 
It is envisioned that, in addition to companies with high maturity, the more customised routes 
will also be preferable to companies implementing the DfUS framework for a second time as 
part of a continuous improvement approach. In both cases, this will be more desirable as the 
company will already have a clear understanding of the hotspots in their design processes and 
products, and thus, will be able to direct their own investigation to target their specific needs by 
determining their own evaluation criteria and tables. 
In this context, it can therefore be seen that the first step of this evaluation method requires the 
company to select the most appropriate method of process evaluation for their needs, and to 
determine if they wish to complete their own custom tables, or utilise the pre-defined tables 
provided to form the basis of their investigation.  
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9.4.2 Step 2.2: Select a Design Control Factor 
If a company decides to adopt the more prescriptive method then the second step of the 
evaluation method requires selection of the design control factor which best matches the model 
of design process being evaluated within the company. By identifying their approach as either 
CC, DC, or DD the company will opt to use the most relevant set of pre-defined DfUS tables to 
direct their process evaluation. An example of a pathway through one of the three control 
models is shown in Figure 9.6 where it is demonstrated that for a CC company, selection of this 
route will take them through a set of customised pre-defined tables for each topic identified 
within complexity and sustainability. 
This step is important for the evaluation process, as each type of control organisation will have 
different demands and different features within their respective design processes. Therefore, by 
targeting investigation in this way, each individual set of criteria in the following step can be 
tailored specifically based on the type of control model it refers to, enabling the distinguishing 
characteristics of the design process to be more appropriately, and more readily identified.  For 
more mature or experienced companies, this step is bypassed and instead they move forward 
directly to the creation of their own custom set of DfUS tables for which the company will define 
their own strategic set of critical topics and evaluation criteria (see Section 9.4.3.3). 
 
 
Figure 9.6. Matrix showing example of a CC company pathway through pre-defined DfUS tables 
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9.4.3 Step 2.3: Complete the DfUS Tables 
During this step, the DfUS tables are used to identify the targets for consideration of 
sustainability, and the corresponding opportunities for the implementation of these within 
the design process. In order to do this, the tables require the user to assess key criteria, populate 
their findings, and score the outputs to identify appropriate areas for sustainability 
consideration, the stages of the process at which the intervention should be placed, the 
effectiveness or impact of any decisions, and the mechanisms in place for readily including SD.  
The tables developed for design process evaluations as part of the DfUS approach therefore 
enable key information about sustainability and complexity to be mapped against the design 
process. This approach is depicted in Figure 9.7, which shows an example of a complete table. 
Each table covers one topic, and therefore four tables are needed for each dimension (see 
Section 8.6).  With respect to format, each individual table is laid out with four key stages of the 
design process along the top, and a number of guiding evaluation criteria listed down the side. 
These criteria act as a prompt to encourage the actor to consider a wide range of subjects and 
opportunities within their design process that will be most impactful to their sustainability 
footprint, in this case the environmental footprint, related to their product and business.  
In the example shown in Figure 9.7, the orange text illustrates how the table could be completed 
by the DfUS actor for design of an LED luminaire. For each criterion the actor has identified the 
most influential decision occurring within their product design process related to the specific 
subject matter. For each of the decisions identified, they then indicate the stage in the design 
process at which this decision is made, and give it a score according to the effect this decision 
has on the environmental impact of the business or product. 
 
Figure 9.7. Example 'Materials' Table excerpt from the 'Environmental Sustainability' DfUS 
Worksheet  
CHAPTER 9 
  132 
By repeating this across a range of criteria relating to all three dimensions of sustainability, this 
structured approach to design process evaluation enables the actor to create an overall picture of 
their sustainability hotspots, i.e. these ‘design sustainability’ tables enable identification of the 
potential targets for sustainability consideration in the design processes, and the areas for 
reducing the overall impacts of the product and process. 
Figure 9.8 shows an example of a complete ‘design complexity’ table completed for design of an 
LED luminaire. These use a similar approach to that of the sustainability tables, however, they 
instead enable identification of the potential opportunities for the implementation of 
sustainability considerations within design processes. In this example, the actor has identified 
the most influential methods for knowledge management occurring within their product design 
process related to the subject matter of the corresponding criteria. For each of the methods 
identified, they then indicate the stage in the design process at which it is employed, and give it 
a score according to its effectiveness in application towards influencing decisions within the 
design process. This enables identification of specific methods that are embedded within the 
established working of the company in which to readily include sustainability considerations. 
To enable and direct the process evaluation activity using this method, these tables have been 
arranged into a series of six worksheets, one for each of the complexity and sustainability 
dimensions.  An example of a blank pre-defined DfUS table worksheet for the dimension of 
‘Environmental Sustainability’, and design control model CC is included in Figure 9.9. Together, 
a complete series of six worksheets composes the main body of the workbook used in this 
research (detailed in Table 9-1). The following sub-sections describe these tables in more detail 
further outlining and describing their format, the scoring models employed, and their use. 
 
Figure 9.8. Example ‘Knowledge Definition & Syntax’ Table excerpt from the ‘Knowledge 
Management Complexity' DfUS Worksheet  
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Figure 9.9. Environmental Sustainability Central Design Central Control DfUS Worksheet 
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9.4.3.1 Supporting Completion of the DfUS Tables 
As discussed by the review in Chapter 4, it has been widely observed that the design process 
takes vastly different shapes in different disciplines, applications and companies. It has also 
been seen however that in most cases these design processes are built around a very similar set 
of distinct phases (Howard et al., 2008).  In this context, for the purposes of the DfUS 
framework, a simple set of general design process stages were taken from leading literature and 
utilised to direct the evaluation. The four stages of the design process used to form the 
foundations of the DfUS tables have been based on the key stages of the design process as 
identified by BS EN ISO 14006:2011 (British Standards Institution, 2011), and similarly by 
Ulrich and Eppinger (2000) as shown in Figure 5.1. For this research, these have been labelled 
as: Planning, Concept Design, System-level Design, and Detail Design. 
It is envisaged that in the case of this research, system-level design will also include generation 
of a PDS, and detail design will also likely include some product testing, however, the particulars 
of each design stage will vary greatly from company to company, as it is feasible that some 
companies will begin the design process with a rigid PDS, or even with some lo-fidelity proof of 
concept testing. As such, where appropriate more general terminology was chosen to label the 
design stages in the DfUS tables, as opposed to more directing terms such as ‘specification 
stage’, to allow for variation in approaches of different companies. 
In addition to the variations observed in the structure of design processes, the review 
highlighted that the level of understanding and awareness of these structures within a company 
can be very variable. It can be noted that smaller organisations, and companies with lower 
maturity are likely to have more unstructured and amorphous design processes, with little 
understanding of the key phases or structures utilised. In contrast, large organisations with 
higher maturity are likely to have their own highly customised and highly defined structures to 
control the flow of data and decisions. Therefore, in order to help in the application of the DfUS 
framework, a notes sheet was created to accompany the DfUS table worksheets. This sheet is 
shown in Figure 9.10, where the information given helps to outline the stages of the design 
process in more detail, and provide support to companies using the tables. 
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Figure 9.10. Notes sheet for supporting completion of the DfUS Tables 
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9.4.3.2 DfUS Table Scoring 
The scoring model used in the DfUS evaluation method is a key component of this approach as it 
allows the DfUS actor to measure the relative importance of each of the evaluation criteria 
considered. By doing so, they are able to identify the ‘strengths’, or most effective opportunities 
for integration of SD as well as the most impactful areas to target sustainability consideration. 
They also offer a second level of consideration by which the DfUS actor can see the ‘weaknesses’, 
or which current points of communication or knowledge transfer are ineffective and causing 
constriction in the design process, enabling them to make informed improvements. 
To account for the differing levels of maturity and knowledge of companies completing the DfUS 
framework, a number of levels of scoring model can be applied to different situations, as 
illustrated in Figure 9.5.  A brief visualisation of these levels of scoring model are shown in 
Figure 9.11, demonstrating three examples of different scoring models used at various maturity 
levels. In addition to this variation in maturity, there are also different requirements of each of 
the factors of complexity and sustainability, and thus individual approaches to scoring are 
additionally needed for each of these specific evaluation factor types. For example, with 
sustainability factors you need to understand the impact the criteria has on the product and 
business, but with the complexity factors you need to understand the effectiveness of the 
intervention in application. To this end, a number of levels of scoring model were created for 
companies for each type of control factor. Examples of these are given in Table 9-2 and Table 
9-3, which also outline what is being scored in each case for each scenario. These dedicated 
scoring models are included on the worksheets as shown in Figure 9.9, therefore enabling the 
DfUS actor to quickly see what needs to be considered when completing the tables. 
 
 
Figure 9.11. Examples of DfUS scoring systems at different maturity levels 
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Table 9-2. Reference Table for DfUS Design Sustainability Evaluation Scoring Models 
 LOW MATURITY MEDIUM MATURITY HIGH MATURITY 
An example 
definition of 
scoring models 
used in DfUS 
tables 
∧   Critical Importance 
+   Important ∨   Low Importance 
-   Not Applicable 
0   Not Applicable 
1   Negligible Effect 
2   Minor Effect 
3   Moderate Effect 
4   Significant Effect 
5   Severe Effect 
 1   Up to 1% reduction 
 2   Up to 5% reduction 
 3   Up to 10% reduction 
 4   Up to 15 % reduction 
 5   Up to 20% reduction 
 6   Up to 25% reduction 
 7   Up to 30% reduction 
 8   Up to 40% reduction 
 9   Up to 50% reduction 
10  Up to 80% reduction 
Environmental 
Sustainability 
Importance of decision to 
company and influence on 
overall perceived 
environmental impacts. 
Effect of decision on 
perceived or measured 
environmental footprint of 
product. 
Effect of decision on Eco-
Indicator 99 score of the 
product life cycle across all 
stages from extraction to EOL. 
Economic 
Sustainability 
Importance of decision to 
company and influence on 
overall perceived economic 
and strategic impact. 
Effect of decision on 
perceived economic 
strategy and longevity of 
business. 
Effect of decision on life cycle 
costing assessment of net 
present value. 
Social 
Sustainability 
Importance of decision to 
company and overall 
influence on perceived 
social impact. 
Effect of decision on 
perceived social footprint 
of product. 
Effect of decision on social 
life cycle assessment score 
(e.g. social hotspots index). 
 
Table 9-3. Reference Table for DfUS Design Complexity Evaluation Scoring Models 
 LOW MATURITY MEDIUM MATURITY HIGH MATURITY 
An example 
definition of 
scoring models 
used in DfUS 
tables 
∧   Critical Importance 
+   Important ∨   Low Importance 
-   Not Applicable 
0   Not Applicable 
1   Negligible Effect 
2   Minor Effect 
3   Moderate Effect 
4   Significant Effect 
5   Severe Effect 
 1   Unused, No Potential 
 2   Unused, Minor Potential 
 3   Unused, Moderate Potential 
 4   Unused, Significant Potential 
 5   Planned, Minor Potential 
 6   Planned, Significant Potential 
 7   Used, Ineffective 
 8   Used, Minor Effect 
 9   Used, Moderate Effect 
10  Used, Significant Effect 
Product Design 
Complexity 
Importance of point of 
information exchange 
during design related 
communication. 
Effectiveness of 
information exchange in 
directing and supporting 
design decisions. 
Utilisation of approach in design 
process, and effectiveness of 
information exchange in directing 
and supporting design decisions. 
Knowledge 
Management 
Complexity 
Importance of method 
of knowledge 
management during 
the design process. 
Effectiveness of method in 
application towards 
supporting knowledge 
management during the 
design process. 
Availability of method in design 
process, and its effectiveness in 
directing and supporting design 
decisions. 
Regulatory 
Complexity 
Importance of 
document in 
controlling design 
decisions. 
Effectiveness of document 
in directing and supporting 
design decisions. 
Utilisation of document in design 
process, and its effectiveness in 
directing and supporting design 
decisions. 
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In developing the scoring model for such a wide range of tables and requirements, a number of 
objectives were set to maintain consistency throughout the evaluation process. The scoring 
model therefore was designed to: 
• Assign quantitative values that can be compared and mapped to enable points of 
strength and weakness to be identified. 
• Allow the actor to have flexibility to express their views on the relative importance of 
each evaluation criteria, each topic, and each dimension. Therefore, enabling nominally 
different scores to be allocated to each area as required (thus eliminating the possibility 
of a fixed scoring model or ordinal scale). 
• Allow the actor to ignore the criteria if it is not relevant for their specific company. 
• Ensure that the actors consider all of the relevant criteria against various stages of the 
design process, to encourage consideration of the full life cycle, and factors beyond the 
normal range of consideration, to express views about subjects they may not otherwise 
have been taken into account in previous studies. 
By specifying the scoring model in this way, the actor is allowed freedom to score as they need, 
and to demonstrate a wide range of variety in the final results, enabling more meaningful and 
impactful mapping and analysis of the final results.  
9.4.3.3 Customised DfUS Table Method for Mature Companies 
The pre-defined DfUS tables offer a very broad, but also very prescriptive set of evaluation 
criteria. More mature companies however will not require such a directed approach as they have 
a degree of sustainability expertise already embedded, and will likely have a clear idea of which 
areas need to be targeted, and the opportunities available within their processes. Therefore, a 
different route has been created for more mature companies through which they can customise 
the DfUS process evaluation method to enable them to target their improvement activity and 
include strategic and relevant considerations for their product and business. This custom 
approach therefore requires a company to undertake the following steps to customise their 
evaluation method as required: 
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• Create customised evaluation criteria and topics based on company needs and 
considerations such as corporate strategy and directives, or knowledge from LCA and 
previous work in sustainability. The basic framework of the evaluation method is 
retained – the factors of complexity and sustainability for identifying the targets and 
opportunities for SD – however the company can then create their own evaluation 
criteria using the suggested topics, or alternatively set more strategic and applicable 
topics with new criteria. An example of this flexible and customised route through DfUS 
process evaluation is illustrated in Figure 9.12. 
• Customise the format of the tables based on more specific and applicable stages and 
checkpoints of the design process. This could simply involve renaming, or extending the 
number of stages to allow for more detailed mapping. This customisation also has the 
potential to change the scope of the study, to expand it to cover a full business view, or 
constrict it to focus on a very detailed level at one stage of the design process. For 
example, the DfUS evaluation could be applied to only the concept design stage, which 
can in turn be broken down into a number of individual stages (Wodehouse & Ion, 
2010). An example of a customised DfUS table is shown in Figure 9.13. 
• Customise the scoring model used in the tables by linking the ranking to strategic 
aspects related to the needs of the company. These could be specific targets as identified 
in the BOSCARD, for example reduction in CO2 output, or a measure related to 
corporate KPIs. The scoring could also employ measurements from other dedicated 
indices relevant to specific topics, such as MIPS score for a ‘Material’ table, or HIGGS 
index for a clothing manufacturer. This approach is demonstrated in Table 9-2, which 
exemplifies the use of Eco-Indicator scores to rank environmental targets. 
 
Figure 9.12. Matrix of custom approach for the DfUS Tables 
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Figure 9.13. Example of Customised DfUS Table for Leather Uppers in Shoe Design 
Figure 9.13 shows an example of a customised DfUS table completed for a case of footwear 
design. This has a custom five-stage design process, and a targeted topic of ‘Leather Uppers’ 
with a set of criteria aimed at encouraging consideration of a range of specific, and impactful 
aspects associated specifically with the production and sourcing of the uppers. This custom 
approach helps to encourage increasing maturity by building on existing knowledge and 
expertise, and offering flexibility to direct the evaluation as needed.  
In this context it can be seen that the DfUS process evaluation method offers a flexible approach 
towards understanding established design processes and sustainability considerations 
associated with a wide variety of businesses and products. The information gathered during this 
step can then be taken forwards and processed into a series of maps and graphs to support 
decision-making and identification of opportunities for improvement of SD. 
9.4.4 Step 2.4: Complete the DfUS Summary Graphs 
The DfUS tables are used to collect a wide range of information about all aspects of the design 
process. In its raw form this dispersed knowledge is complex and difficult to assess, however 
data visualisations, or information graphics, provide an opportunity to present the results of the 
process evaluation in a clear manner. To this end, the fourth step in this method requires the 
findings from the tables to be mapped directly into a series of six ‘Summary Graph’ report 
sheets, one for each dimension. To generate these summary graphs, the specific decisions 
identified for each topic during the process evaluation are mapped against the corresponding 
stages of the design process using the findings from the tables, as demonstrated in Figure 9.14. 
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Figure 9.14. Populating the DfUS Summary Graphs using the Tables 
Therefore each sheet contains four graphs for each topic to mirror the format of the worksheets, 
and these visualisations give the actor an overview of the key features of the design process. 
These have therefore been developed to present the information gathered in the tables in 
visualisations that are simple to understand and interpret. 
In order to aid with additional clarity, the DfUS worksheets were also colour coded. Each of the 
six dimensions has a distinct colour pallet using hues within the same area for each graph and 
each topic. This helps in easy differentiation between topics and dimensions, as the sheets 
themselves could otherwise look very similar. An overview of the colours used across the various 
dimensions and topics of the DfUS framework is shown in Figure 9.15. 
These summary graphs represent the first in a series of different levels of visualisations that 
have been developed in this research to present the information collected during the design 
process evaluation. Each different type of visualisation has been designed to present the data at 
differing levels of granulation, and with different levels of detail, to support more effective 
understanding and decision making as part of the DfUS design process improvement approach.  
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Figure 9.15. Colour Coding of DfUS Visualisations and Worksheets 
 
 
An overview of the full range of visualisations utilised at this stage of the DfUS framework is 
shown in Figure 9.16, demonstrating how they link to each other, and how they link back to the 
DfUS process evaluation worksheets. The following sub-sections describe the construction of 
these visualisations, explaining the contents of each and how they are used as a first step 
towards identifying areas for SD improvement. 
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Figure 9.16. Flowchart of Data Visualisations used in DfUS Process Evaluation 
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9.4.4.1 Sustainability Dimension Summary Graphs 
The sustainability summary graphs show the specific topics that need to be targeted in the 
design process in order to improve the sustainability of the product and business. For each 
dimension – environmental, economic, and social – a set of graphs are produced that pictorially 
represent all the information gathered using the tables during the investigation. These highlight 
the hotspots in the design process and help to show where the greatest opportunity for 
improvements exist. 
An example of a complete sustainability summary graph report sheet is shown in Figure 9.17. 
The main body of this sheet contains four individual graphs, each illustrating the results of the 
investigation into each of the topics.  In additon to these, two topic overview graphs are included 
on the right hand side of the sheet to aid decision making. 
 
 
Figure 9.17. Environmental Sustainability DfUS Summary Graph  
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These additional graphs provide an overview of the values collected across all four topics of the 
whole dimension by consolidating the data into a pie chart and a bar chart. Firstly, the pie graph 
compares the relative contributions of each of the topics on that particular sheet. From this, the 
most important topic for the company can be easily identified. Secondly, the bar graph shows 
the contribution of each of the topics towards the overall impact of each stage in the design 
process. From this, the most impactful design stage in this dimension can be easily identified. 
9.4.4.2 Complexity Dimension Summary Graphs 
The complexity summary graphs show the specific opportunities that exist within the design 
process for inclusion of the identified targets for sustainability consideration found by the 
sustainability investigation. For each dimension – product design, knowledge management and 
regulatory – a set of graphs are produced that pictorially represent all the information gathered 
using the tables during the investigation. These highlight the hotspots in the design process and 
help to show where the greatest opportunities for embedding SD exist. An example of a 
complete complexity summary graph report sheet is shown in Figure 9.18. 
 
Figure 9.18. Knowledge Management DfUS Summary Graph 
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Although the factors of complexity and sustainability are distinctly different in terms of the type 
of information they present (i.e. opportunities vs. targets), the graphs for complexity have been 
created to use the same format as those for sustainability. This is to help in ease of readability 
and understanding, to eliminate the need to decipher two different types of graphs and aid in 
speed and quality of decision making.  
9.4.5 Step 2.5: Generate DfUS Design Process Maps 
Whilst the summary graphs outlined in the previous step represent a direct and detailed 
mapping of the findings of the design process evaluation, they present a lot of complex data. As 
such, using these it can be difficult to see patterns spanning all six dimensions, or to compare 
and contrast the findings for complexity and sustainability. This highlights a need for further 
data visualisations which help to identify patterns, and provide a quick, effective overview or 
‘health-check’ for the design process and business. To this end, a set of three different ‘Design 
Process Maps’ were developed within this research, as shown in Figure 9.16, to support 
decision-making and identification of areas for effective and meaningful SD process 
improvement. They can also help the DfUS actor to identify more long-term strategic 
recommendations for improvement by highlighting areas where there are not sufficient 
interventions, or where sustainability factors cannot yet be considered.  
The following sub-sections detail the three different design process maps used within the DfUS 
to support selection of opportunities for embedding sustainability: the Factor Comparison Map, 
the Dimension Matrix Map, and the Factor Overview Map. 
9.4.5.1 DfUS Factor Comparison Map 
The design process evaluation method developed in this research utilises two factors – 
sustainability and complexity – to identify the targets and opportunities for improvement of SD 
within established design processes. It is therefore important to have a high level overview of 
company performance across both of these factors, and therefore the top-level ‘Factor 
Comparison Map’ was designed to provide a simple and informative comparison of these two 
most basic aspects of the evaluation.  An example of this visualisation is shown in Figure 9.19.  
 
CHAPTER 9 
  147 
 
Figure 9.19. DfUS Factor Comparison Map 
This report sheet highlights the ‘health’ of the design process, indicating where the strengths 
and weaknesses lie, and therefore which areas need attention. To present this information 
clearly, three types of graph are illustrated on the sheet: a split pie chart factor comparison, two 
pie chart factor overviews, and two bar chart factor overviews. These can be interpreted as 
follows: 
• The split pie chart at the top of the sheet shows an empirical comparison of the total 
scores collected for each factor. Whilst in reality the scores of these two factors are not 
directly analogous, this provides an interesting comparison to show how many 
important items need to be targeted (sustainability) vs how many effective mechanisms 
already exist for implementing these (complexity). As such, where a large imbalance is 
observed either way, the weak point in the design process can be easily identified. For 
example, if complexity is much smaller than sustainability it can be seen that there are a 
large number of considerations to be implemented in a very unstructured or ineffective 
design process – thus more creative data management methods can be investigated. 
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Similarly, if sustainability is much smaller than complexity, then it can be seen that the 
design process is highly complex and regulated (most likely restrictive) and there may 
be limited opportunity for changing decisions – thus methods that consolidate decision 
making can be investigated. 
• The pie charts for the individual factors show the overall relative contribution of each 
dimension within the factor. From this it can be seen where the greatest opportunities 
exist, and what the largest required targets for SD consideration are. For example, if 
regulatory has a higher contribution than the others then it can be seen that the 
company has a lot of effective support structures in place and that these methods could 
be harnessed in the near future, and customised to include and support more tacit 
considerations, such as those typically associated with product design. With 
sustainability factors however, if social has a higher impact than others it could be seen 
that the company structures are likely already well equipped to deal with economic and 
environmental considerations and they should focus on similar initiatives for more 
social aspects. 
• The bar charts demonstrate where the identified targets and opportunities occur 
across the stages of the design process. This allows a company to identify where much of 
their decision making occurs, and where the most effective methods exist. For example, 
a high score in complexity in the early stages of design, coupled with a high score in 
sustainability in the latter stages would demonstrate an imbalance in needs and 
capabilities of the design process. In this context, it is expected that for more 
engineering based companies the latter half of the design process will involve more 
decision making and therefore be higher scoring across both factors, however for 
creative companies with much less strctured processes, decisions will occur much 
sooner during planning and concepting with more sparse results for complexity.  
The pie charts and bar charts provided on this comparison map are in the same format as those 
provided on the summary graphs.  Utilising the same two types of visualisation at this factor 
level provides continued consistency in the visual results, and therefore minimises confusion, 
enabling more simple and quick interpretation of the results. 
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9.4.5.2 DfUS Matrix Map 
The comparison map created in the previous step shows two bar charts that highlight the 
contribution of each factor, and their corresponding dimensions, across the various stages of 
design process. To complement this visualisation, the ‘Matrix Map’ has been developed to show 
a further breakdown of each dimension, relative to each other, and mapped against the stages of 
the design process. This is achieved using a three-dimensional visualisation, and an example is 
shown in Figure 9.20. 
This comparison graph enables the actor to quickly and easily see an overview of each of the six 
evaluation dimensions directly against each other. As such, this visualisation provides simple 
identification of patterns, and of any hotspots occurring throughout the evaluation. It is also the 
only visualisation provided with a fixed scale to show each dimension relative to one another. 
This highlights any disparities against hotspots within the various stages of the design process 
allowing the user to quickly and easily see where areas of opportunity, and similarly, areas for 
improvement occur. 
 
Figure 9.20. DfUS Matrix Map 
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9.4.5.3 DfUS Factor Overview Map 
The comparison map and matrix provided in the last two steps give an overview of how the 
results of the process evaluation can be mapped using the six high level dimensions of 
complexity and sustainability. These give a useful overall picture of the ‘health’ of the design 
process, highlighting strengths and ‘hotspots’ for SD implementation. In order to provide a 
more detailed mapping of the evaluation findings however, the ‘Factor Overview Map’ was 
developed to give a high level visualisation of the results taken from all the topics within the 
study, an example of which is shown in Figure 9.21 
This final visualisation shows all the data taken from each of the summary graphs mapped 
across the various stages of the design process. This gives a comparison of the broken-down 
results for the sustainability and complexity dimensions, and enables a more detailed 
interrogation of the evaluation findings to support matching of areas of opportunity and 
improvement. 
 
 
Figure 9.21. DfUS Factor Overview Map 
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The three types of design process ‘map’ presented in this section have demonstrated how the 
data collected using the tables, and displayed in the summary graphs, can be used to give a 
holistic visual check of the design process. These useful visualisations help to quickly 
communicate the broad and varied findings of the process evaluation in a simple and 
understandable form. These have been developed to support decision-making by enabling the 
reader to be able to easily see any gaps in their capabilities, or strengths in their processes, and 
to match these to the required targets for sustainability intervention. In this way the 
visualisations help to not only develop a better understanding of how to improve sustainability, 
but also give a comprehensive picture – or health check – for the design process itself, helping to 
visualise this notoriously complex task and thus to grow maturity and experience within the 
company.  
 
9.5 DfUS PROCESS EVALUATION SUPPORT SOFTWARE TOOL 
This research developed a framework for improving the consideration of sustainability within 
design processes and activities. To enable implementation and realisation of this approach, a 
method for design process evaluation has been developed, as described in the previous section 
of this chapter. This evaluation method enables a company to interrogate and assess their 
established design process, their products, and their business activities to identify what, how, 
and where they can include targeted interventions for SD. This process however requires a large 
amount of data collection, often involving input from a number of actors and sources, and likely 
taking some time to complete. In addition, once the data has been collected, creating the various 
visualisations used to support decision-making also requires a large amount of data processing. 
Therefore, it is clear that appropriate design tools are both very necessary, and very useful to 
provide assistance in conducting the process evaluation, and implementing the framework. In 
this context, an overview of the various levels of framework, methods, and tools reported in this 
thesis for the DfUS approach are shown in Figure 9.22.  
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Figure 9.22. Hierarchy of DfUS Implementation Approaches 
 
Effective design tools provide supporting information when and where needed, in a format that 
is easy for designers and engineers to utilise and interpret. These tools can therefore be used to 
direct designer’s activities and provide a simple template to follow during specific product 
development activities.  The review outlined in Chapter 4 found that often IT based design tools 
are the most readily taken up, and the most effective solutions in industrial environments. This 
is because they typically offer a simple method for processing, sharing, and managing large 
activities and large volumes of data. 
To this end, a prototype piece of software was designed within this research to help implement 
these opening stages of the DfUS framework. The software offers ‘decision support’ by helping 
to collect the data within the various tables and automatically process the information into a 
series of summary graphs and visualisations. An overview of this software, visualising the inputs, 
outputs and various modules contained within is illustrated in Figure 9.23. A more 
comprehensive overview of the prototype developed including screenshots of the various 
screens is included in Appendix D. 
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Figure 9.23. Overview of DfUS Prototype Software Tool 
This prototype was developed using Microsoft Visual Basic and Excel to enable a potential user 
to create new projects and generate the various graphs in a simple and effective manner. This 
provides a simple self-contained way to collect design process data, and perform process 
evaluation, automatically producing an ‘as-is’ model of the design process for the user by 
enabling real time generation of summary graphs and process maps with the simple press of a 
button at any point during the project.  A screen shot of the prototype software is shown in 
Figure 9.24, illustrating the product design complexity page modelled on the paper worksheets, 
into which the user can populate design process data. 
Software based application of the DfUS framework provides many benefits over the manual 
paper method laid out in this thesis. At present, framework application requires an expert to 
process the calculations and generate the graphs. However, by replacing this requirement with a 
flexible and intuitive piece of software, the labour is removed, saving time throughout the 
process, allowing instant feedback for the user, and eliminating the need for complex data 
processing and creation of visualisations. This also allows the actor to be in control of their own 
evaluation, and to share the results, and investigate details as and when needed. 
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Figure 9.24. Product Design Complexity Screen in the DfUS Prototype Software  
 
Further details of the structure and application of the software are described in more detail in 
Appendix D. Chapter 13 also details the potential for expanding and improving the software as 
part of future work towards enabling autonomous and thorough application of the DfUS 
framework in the future. 
9.6 CHAPTER SUMMARY 
In this chapter the first two stages of the DfUS framework have been presented in which the 
strategic targets for the project are set, and the existing design processes in the company are 
evaluated. The initial section outlines the first ‘strategise’ stage, and the three steps required to 
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select an appropriate actor to conduct the study, and to set the goal and scope of the sustainable 
design process improvement project using the design process BOSCARD. 
The following section then details the method for design process evaluation developed as part of 
this research. The five steps of the DfUS process evaluation method have been described and 
demonstrated to show their use towards identifying opportunities for embedded SD within 
company processes. By working through a complete series of the DfUS tables, different types of 
companies working in different sectors, and with different levels of experience with SD will be 
able to identify the key factors influencing their design process within the wider scope of 
product lifecycle and business context. The information from the tables is then visualised using 
a series of graphs and maps to support decision-making and the selection of appropriate targets 
and opportunities for embedded sustainability throughout the design process. 
Chapter 10 continues by detailing the final two stages of the DfUS framework. Firstly, the 
decision model that forms the third ‘Prioritisation’ stage is described, where the findings of the 
process evaluation are used to generate a set of recommendations which are ranked by an expert 
panel to give a final list of the most effective and appropriate recommendations for SD 
implementation approaches. The latter half of the chapter then describes how the results from 
the prioritisation stage are used to select and customise targeted SD interventions that can be 
implemented within the company. 
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10. SELECTION OF EFFECTIVE OPPORTUNITIES FOR 
EMBEDDING SUSTAINABILITY INTO DESIGN 
10.1 INTRODUCTION 
This chapter outlines the third and fourth stages of the DfUS framework in which the final 
recommendations for improved implementation of SD are identified and prioritised. These are 
the final stages of the framework in which information gathered during the design process 
evaluation detailed in Chapter 9 is taken forwards and assessed, to ultimately identify 
opportunities for improving embedded sustainability. This process involves gathering feedback 
from a range of experts and key stakeholders, and therefore a decision model was developed as 
part of this research to enable strategic identification of the most appropriate and effective 
methods for improving sustainability consideration within design processes and procedures. 
The first part of the chapter details the ‘prioritisation’ stage of the DfUS framework, and the use 
of a multi-criteria decision model to evaluate the potential interventions and opportunities for 
embedding sustainability into design process. The outputs from this stage are outlined in this 
chapter demonstrating how input from various experts is used to consider the wider business 
context of SD implementation, and to produce a ranked list of SD recommendations. The final 
section then goes on to detail the fourth ‘implementation’ stage of the framework in which a set 
of guidelines are developed to enable the company to put these recommendations into practice 
through selection and customisation of appropriate SD methods, and through establishing on-
going monitoring and continuous improvement activities within their design processes. 
10.2 SELECTION OF OPPORTUNITIES FOR EMBEDDED SUSTAINABILITY IN DESIGN 
The DfUS design process evaluation method developed in this research enables a company to 
gain a picture of the overall health, or hotspots, of their design process, and to understand the 
potential targets and opportunities that exist within their established processes for readily 
embedding sustainability considerations. The results from this evaluation present a large 
amount of information that must be distilled by the company in order to identify the most 
pragmatic and impactful recommendations for specific SD improvements. It is infeasible to 
expect however that the company could make all of the improvements suggested. This would not 
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only be disruptive and confusing in practice, but also very expensive and time consuming. It is 
therefore important at this stage for the company to identify SD improvements that are not only 
achievable and beneficial, but also those that will help to raise awareness and build maturity, 
and those that are most in line with the goals of the company as identified in the BOSCARD. In 
this context, to help ensure success when selecting recommendations for embedded 
sustainability, there should be consideration of a wide range of factors beyond purely the design 
implications, to those in the wider business context such as required investment, time, expertise 
and capabilities of the business. The review reported in Chapter 4 highlighted that the most 
successful applications of SD projects occurred when these wider business factors were taken 
into account, when interventions were customised to fit the specific needs of the company’s 
established processes, and when there is buy-in and support from stakeholders across the 
business. Therefore it can be seen that meaningful and considered selection of the potential 
recommendations for embedded SD is key to the success and impact of the activities. 
To enable this systematic selection of effective SD recommendations, the final two stages of the 
DfUS framework are ‘the scoring and prioritisation of sustainability interventions’ and the 
‘customisation, implementation and continuous improvement’ of SD activities in the company. 
These are critical to assessing the findings of the design process evaluation and targeting 
improvement activities in a meaningful and impactful way, thus ensuring that the final 
recommendations meet the strategic needs of the company. An overview of these stages is 
shown in Figure 10.1, illustrating the key input from the previous stages, and also the outputs 
from each of these final stages – priority maps of the proposed recommendations and 
customised lists for targeted SD process improvement. 
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Figure 10.1. Overview of Inputs and Outputs to Stages 3 and 4 of the DfUS Framework 
10.3 STAGE 3: PRIORITISATION USING THE DfUS DECISION MODEL 
The DfUS process evaluation identifies the potential targets and opportunities for SD 
implementation that exist within a company’s design process, rating them based on their 
potential impact and perceived effectiveness in application. These basic scores applied by the 
DfUS actor during the investigation are used to propose an initial set of recommendations for 
embedding SD, and in some cases may be sufficient to identify areas to take forward to 
implementation. In many cases however, particularly in large companies, these initial 
recommendations will require further assessment and evaluation in order to give higher 
confidence to the decision making, and to identify the most appropriate, impactful options for 
further investment of time and resources. In this context, in order to make more pragmatic and 
informed decisions, it is important to utilise input from a wide range of expert stakeholders. By 
obtaining the opinions of a wider network such as this, it is possible to evaluate a broader range 
of business issues – such as economic impacts and feasibility of application – and therefore to 
produce more effective and robust solutions that will be more successful, more visible, and 
better supported across the business. 
To this end, the third stage of the DfUS framework consists of a multi criteria decision model 
that has been developed to enable ranking and selection of effective and targeted interventions 
for embedded sustainability. This approach utilises input from internal experts, and a set of 
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strategic decision criteria to select the most appropriate recommendations for SD improvement 
related to economic viability, technical feasibility, sustainability benefits and strategic 
importance. An overview of this stage is depicted in Figure 10.2. 
This multi-criteria, multi-stakeholder approach enables subjective assessments to be collated 
and scored, giving a high confidence in the final selection of recommendations, and promoting 
both local and global decision making within the DfUS framework: local via the actor during the 
evaluation and selection of preliminary recommendations, and global through the involvement 
of expert stakeholders during the prioritisation stage. This approach ensures that final 
investment is made in the most feasible and beneficial recommendations, and that the 
stakeholders both understand and support the final solutions. 
 
Figure 10.2. Stage 3 of the DfUS Framework showing the key steps of Prioritising the 
Recommendations 
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The following sub-sections outline the construction of the DfUS decision model using a custom 
Multi Criteria Decision Making (MCDM) method, and its implementation for prioritising the 
recommended SD interventions and generating a set of process improvement maps. 
10.3.1 Step 3.1: Pre-Select Preliminary Recommendations List  
The design process evaluation conducted in the second stage of the DfUS framework identifies a 
number of targets for sustainability consideration, and opportunities for SD intervention within 
a company’s design process. In order to select recommendations for SD improvement, the first 
step of the ‘prioritisation’ stage requires the DfUS actor to match together the targets and 
opportunities seen in the summary graphs and design process maps described in Sections 9.4.4 
and 9.4.5, thus identifying methods to readily include sustainability within current practice. 
In order to help this step, a set of ‘Intervention Matching Lists’ have been developed in this 
research, as shown in Figure 10.3. These were created by ranking the various sustainability 
targets or complexity opportunities identified in the tables according to their corresponding 
scores for impact or effectiveness respectively. The final list is arranged in descending order, 
with the highest scores at the top, and the earliest stages of consideration given secondary 
priority. 
Matching of the targets and opportunities is a manual process completed by the DfUS actor 
using knowledge from their own experience with the existing design processes, and also their 
understanding of what is meaningful and practical for the company. This is not a process that 
can be completed automatically, as it requires a great deal of inside knowledge about what is 
feasible and applicable. For example, if the highest scoring opportunity is ‘CAD Modelling’, but 
the highest scoring target is ‘Design of Use Phase’, these may be difficult or impossible to 
reconcile and implement. Therefore it is up to the experience and discretion of the DfUS actor to 
generate a final list of effective and applicable recommendations. 
An example of this for design of an LED luminaire. is shown in Figure 10.4, which details how a 
target and opportunity can be matched using the information from the matching list (where this 
example utilises the environmental and knowledge management information shown in the 
tables illustrated in Figures 9.7 and 9.8).  
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Figure 10.3. Example DfUS Intervention Matching Lists 
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In this example it can be seen that the second highest options on the list have been chosen for 
both sustainability targets, and complexity opportunities. This is because in this case the highest 
scoring target and opportunity cannot be matched together, as it would not be feasible to 
include ‘Specification for Body Material’ within the ‘Sales Team Brief’, the former being outside 
the scope and expertise of the latter.  In fact, none of the opportunities on the list are ideally 
appropriate for consideration of material. However, ‘Rating of Weather-Proofing’ would be very 
useful to include in the ‘Sealant Type Guide’.  Although, currently the sealant guide is used at the 
later detail stage of design, this shows that it would be useful to include it in the earlier concept 
stage to help guide decision making to select a more appropriate method.  
This highlights the flexibility of the DfUS approach to enable strategic selection of the most 
appropriate recommendations to target weaknesses in the design process, build new capabilities 
within the business, and improve the final products. 
During this selection of recommendations the actor should not only select those with the biggest 
impacts, but also those that offer quick and easy wins, those that address the goals outlined in 
the BOSCARD, those that target strategic areas of challenge for the business, and those that will 
help to raise awareness of the sustainability improvement activities of the company. 
At this point, using the information from the DfUS actor, it will be possible to identify 
appropriate recommendations for SD, however, in order to give higher confidence to the 
selection of targeted and successful interventions, this information can be taken forward 
through the remaining steps of the prioritisation stage where it will be ranked by an expert panel 
to assess the recommendations according to their feasibility and effectiveness. 
10.3.2 Step 3.2: Generate Scoring Sheet 
During this step the matched recommendations identified by the DfUS actor are put into the 
scoring sheets to be sent to the experts. An example of a blank ‘Recommendation Scoring Sheet’ 
is shown in Figure 10.5. This has space for up to ten recommendations, and alongside each 
recommendation there are four boxes to allow the experts to provide a score against each of the 
four decision criteria. There are an additional four boxes at the bottom of the sheet in which the 
experts can assign weightings to each criterion. 
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Figure 10.5. Blank DfUS Recommendations Scoring Sheet 
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During this step in the framework, the recommendation scoring sheet should be customised to 
include specific notes on each recommendation. These notes should contain supporting 
information that will help a wider audience of non-design experts to understand the context and 
implications of any suggestions. This is a highly important, and custom process that will be 
dependant on the expert audience and the size of the company. For example, adding capacity to 
a CAD package may be as easy as putting together additional best-practice guidelines, requiring 
limited or no financial investment. However, in contrast, this activity could also be as difficult 
and expensive as buying a new plug-in for an existing CAD system. 
When the recommendations sheet has been prepared with sufficient information, it can then be 
passed on to the nominated experts, to collect their scores for the suggested interventions.  
10.3.3 Step 3.3: Set the Priorities and Score the Alternative Interventions 
At this step appropriate internal experts and stakeholders should be identified to undertake the 
scoring of the proposed alternative SD recommendations. As the initial recommendations list is 
generated solely by the DfUS actor, or a team of design personnel, further consultation with a 
wide range of stakeholders beyond the traditional scope enables a global view of the SD 
improvement activity. These can be experts from all facets of the business, for example quality 
control, manufacturing, IT support, marketing or purchasing. To this end, selection of 
appropriate stakeholders will be dependant on the aims and scope of the project, as well as the 
desired application and subject of the design process. 
During this step, the scoring sheet is sent to the experts and they are asked for their input to 
score the SD intervention alternatives. Completing this step involves two sub-steps to compile 
the total scores for each recommendation. In the first place, each expert should set their 
priorities by assigning a weighting to the importance of each decision criteria on the bottom of 
the sheet. Secondly, each expert should score each alternative intervention against these 
respective decision criteria in the main body of the sheet.  
In order to support this activity, a notes sheet was created to accompany the scoring sheet, 
containing further guidance about the DfUS framework and the scoring model used in these 
sheets. An example of this supporting sheet is included in Figure 10.6. 
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Figure 10.6. Supporting Guidance Notes for DfUS Expert Scoring 
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By scoring the recommendations in this way, the prioritisation of alternative interventions is 
guided towards consideration of the most important criteria for the business. To this end, the 
DfUS decision model utilises four decision criteria, namely: Economic Viability, Technical 
Feasibility, Sustainability Benefits and Strategic Importance. The multi-criteria decision 
hierarchy for the DfUS decision model is depicted in Figure 10.7 where the decision criteria and 
examples of ten SD intervention alternatives are illustrated with equal weightings in both cases. 
These four criteria were selected to give a broad overview of the total feasibility, and the 
potential benefits of each criteria in the wider context of the business activities and corporate 
strategy, as follows: 
• Economic viability is arguably often the most important consideration for a 
manufacturer. It is also particularly relevant in the DfUS, as in some cases the economic 
burden of implementing new working practices, technologies and systems could 
outweigh the potential benefits. For example, it may be infeasible to invest in new CAD 
systems or training programmes that yield only small impacts or short term gains, but 
this will be more viable for bigger impacts or longer term investments. 
 
 
Figure 10.7. Structure for Multi-Criteria Assessment of SD Interventions 
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• Technical feasibility is a critical factor in assessing the ease or difficulty of 
implementing new practices. This is important for the DfUS as, in some cases what 
appears to be a simple change may require more significant alterations to infrastructure, 
new communication systems, new software, and other resources which may not only be 
expensive, but also very difficult to implement, particularly in large complex scenarios. 
• Sustainability benefit is one of the main aims of the DfUS improvement activity and 
therefore a critical component of this decision model. Through inclusion as a decision 
criterion, the experts will be able to firstly rate the relative importance of this priority 
versus the others, and secondly, they may also be in a position to provide more accurate 
knowledge of the wider environmental, economic and social benefits. 
• Strategic importance has been included in the DfUS decision model to steer 
consideration to important corporate factors, such as those outlined in the BOSCARD at 
the goal and scope stage. In this way the experts can rate the importance of the 
intervention towards benefitting the company. For example, an intervention requiring 
organised training may require a large time investment but has the potential for large 
extended benefits such as increased morale and collaboration, or an opportunity to 
include training on other subjects. 
The following sub-sections describe the use of these criteria within the decision model, and 
outline the calculations used to turn feedback from the expert stakeholders into a final ranked 
list of recommendations for SD improvement. 
10.3.3.1 Step 3.3a: Set the Priorities 
During this step the expert stakeholders will rate the four decision criteria against one another 
to determine which is the most important, and therefore most influential in the decision making 
process. This is a critical step as it allows for sensitivity in the selection and scoring of 
recommendations by enabling their perceived relative significance to be measured. An example 
of this is illustrated in Figure 10.8, where a number of recommendations have been scored and 
the criteria have been given weightings on a DfUS scoring sheet. 
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Figure 10.8. Example of a complete excerpt from a DfUS ‘Recommendation Scoring Sheet’ 
annotated with mathematical designations 
 
In this example, the orange text indicates scores completed by an expert, and the red text 
indicates the designations used in the mathematical formulae detailed in Section 10.3.4. For 
each criterion the expert should give it a weighting factor between 0-1, and, the sum of the four 
weighting factors should add up to a total of 1. In the example shown it can be seen that 
‘sustainability benefit’ has been deemed to be the most important receiving 0.3, and ‘strategic 
importance’ being the least important receiving 0.2. 
10.3.3.2 Step 3.3b: Score the Alternative Recommendations 
During this step the expert stakeholders will allocate a score to each of the recommendations 
against the four decision criteria. For this purpose a three point scoring system has been created 
for use in the DfUS framework, as outlined in Table 10-1. This table illustrates that the three 
points can be divided into a simple traffic light colour-coding system to provide a familiar visual 
representation of high, medium and low benefits and viability. 
At this point in the framework, as with the scoring models adopted in the DfUS tables, a more 
mature company could easily customise the scoring system to add more detail or greater 
variation to the system if they wish to have a more detailed measure. For example, they may 
have numerical targets where a score of 1 for ‘sustainability benefits’ means a <5% reduction in 
energy usage, but a score of 3 means >20% reduction in energy usage. They may also want to 
increase the variety to a 5 or 10 point scoring system to give greater distribution in the scores. 
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EXPERT SCORING / SUSTAINABLE DESIGN INTERVENTIONS 
 
         CRITERIA for assessing the feasibility and impact of each recommendation 
 
 
RECOMMENDATIONS for including sustainability in the design process 
ECONOMIC 
VIABILITY 
TECHNICAL 
FEASIBILITY 
SUSTAINABILITY 
BENEFIT 
STRATEGIC 
IMPORTANCE 
 
1 Include weather proofing information in the sealant type guide.          
 
 Guide will need to be modified an refocused to bring forward utilisation into the concept stage for early selection of safer chemical sealants. 
         
2 Consider product durability within design tools.          
 
 Inclusion of designer prompts within pre-existing documentation.          
 
 
 WEIGHTING            
 
 
 
EXPERT AUTHOR: 
 
 
 
DEPARTMENT: 
 
 
 
DATE: 
 
 
DIRECTIONS 
This sheet allows 
experts to score each 
potential sustainable 
design intervention.  
Each should be given a 
score between 1-3 for 
each of the four key 
criteria, where a higher 
score indicates a 
better performance. 
Further details are 
provided on the 
separate scoring 
sheet.  
 
WEIGHTING 
To set the relative 
importance of each 
evaluation criteria, 
give each a value so 
that the total of all 
four adds up to 1. 
 
For example, if they 
are all of equal 
importance, each will 
have a weight of 0.25. 
 
 
0.3 0.2 0.25 0.25 
3 
3 
2 
3 
3 
2 
2 
2 
Econx
Econf Techf Sustf Stratf
Techx Sustx Stratx
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Table 10-1. Scoring system used to evaluate potential SD interventions against key criterion 
SCORE 
ECONOMIC 
VIABILITY 
TECHNICAL   
FEASIBILITY 
SUSTAINABILITY 
BENEFITS 
STRATEGIC 
IMPORTANCE 
1 
Implementation will 
require significant 
investment. Substantial 
purchase of new 
equipment will be 
necessary, and most of 
the expertise will need 
to be bought from 
outside collaboration. 
Implementation will 
require significant effort. 
Modifications to practice 
and infrastructure will be 
substantial and of 
unknown feasibility, 
potentially outside the 
current abilities of the 
company. 
Will have a minimal 
impact on the overall 
sustainability of the 
product or company. 
Any impacts will be 
delayed (>10 years). 
Will have a minimal 
benefit towards key 
corporate strategies. 
Any benefits will be 
delayed (>10 years). 
2 
Implementation will 
require moderate 
investment. Limited 
purchase of new 
equipment will be 
necessary, and most of 
the expertise is available 
in house. 
Implementation will 
require moderate effort. 
Modifications to practice 
and infrastructure will be 
limited and within the 
current abilities of the 
broader company. 
Will have a moderate 
impact towards 
improving the 
sustainability of the 
product or company. 
Any impacts will be 
temperate (5-10 
years). 
Will have a moderate 
benefit towards key 
corporate strategies. 
Any benefits will be 
temperate (5-10 
years). 
3 
Implementation will 
require minimal to zero 
investment. The 
majority, if not all, of the 
equipment and expertise 
required is already 
available in house. 
Implementation will 
require minimal effort. 
Modifications to practice 
and infrastructure will be 
little to zero, and within 
the current abilities of 
the immediate actors 
within the company. 
Will have a significant 
impact towards 
improving the 
sustainability of the 
product or company. 
Any impacts will be 
immediate (<5 years). 
Will have a significant 
benefit towards key 
corporate strategies. 
Any benefits will be 
immediate (<5 years). 
 
10.3.4 Step 3.4: Apply Multi Criteria Scoring Model 
Once the scoring sheets have been collected from the experts, the data needs to be processed to 
calculate a final ranking for each intervention. As such, a multi-criteria evaluation tool has been 
developed for use within this research to allow the scoring of the recommendations by these 
multiple stakeholders, and using the multiple criteria and priorities, to be combined into a final 
single score. This single score therefore supports decision making within the DfUS framework 
by clearly assigning a simple quantitative value to each potential SD intervention, and allowing 
them to be ranked according to overall performance. 
In this way, rather than prescribing a ‘correct’ decision, MCDM aims to support decision makers 
to find solutions that best suit their goals and their understanding of the problem. To this end, a 
large number of different MCDM methods exist with varying strengths and weaknesses, 
however, within the DfUS decision model a ‘Weighted Sum Method’ (WSM) was identified as 
being the most appropriate approach to employ.  
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This WSM method is one of the oldest and simplest approaches for MCDM (Triantaphyllou, 
2000) and can be expressed as in Equation 10.1 (Fishburn, 1967): 
𝐴!!"#  !"#$% =    𝑎!"𝑤!!!!!                       𝑓𝑜𝑟  𝑖 = 1, 2, 3,… ,𝑚.               Equation 10.1  
where,  for  the  evaluation  of  m  scenarios  against  n  criteria:       𝐴!!"#  !"#$%  =  the  total  WSM  score  of  intervention  Ai       aij  =  the  actual  value  of  the  intervention  i,  in  terms  of  criterion  j     wj  =  the  weight  of  importance  assigned  to  criterion  j  
This equation describes the ‘maximisation’ case, in which a high score is preferential to a low 
score, and therefore, the most desirable intervention will be that which yields the maximum 
total score. 
The main limitation of this method is that the summation of values requires all individual 
criteria to be expressed using the same units.  In the DfUS however, this does not apply as all 
scores assigned are subjective rankings based on relative importance using a point scale of equal 
magnitude, and the purpose of this decision model is to enable simple comparison to aid 
decision-making. The WSM approach was therefore chosen for this research, as the simplicity of 
the approach has a number of benefits that directly improve the decision model developed. For 
example, the simple calculations offer the option for traceability and discretion in analysing the 
feedback if required, giving extra transparency over and above more complex methods. To this 
end the DfUS framework uses the WSM to provide a comprehensive and rational framework for 
structuring a decision problem, representing and quantifying its elements, relating those 
elements to overall goals, and evaluating alternative solutions. 
The application of this multi-criteria decision support tool for identification of the most 
appropriate and effective SD interventions is described in the following sub-sections, detailing 
the calculations undertaken to create the final scores. A breakdown of the various stages of 
calculation involved, illustrating the flow of information and the corresponding visualisations 
used to map the data in the final recommendations sheet are shown in Figure 10.9.  
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Figure 10.9. Overview of decision model calculations and corresponding visualisations 
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10.3.4.1 Step 3.4a:  Apply Weighting Factors 
In order to calculate the overall weighted scores for each potential SD intervention, the first step 
in this process requires calculation of the weighted scores for each of the four individual 
decision criteria. To this end, the weighting factors defined by the experts are applied to the 
corresponding intervention scores as simple multipliers, as shown in Equation 10.2 – 10.5:  
 𝐸𝑐𝑜𝑛!" =   𝐸𝑐𝑜𝑛!  ×  𝐸𝑐𝑜𝑛!	  	   	   	   Equation 10.2 
 𝑇𝑒𝑐ℎ!" =   𝑇𝑒𝑐ℎ!  ×  𝑇𝑒𝑐ℎ!	  	   	   	   Equation 10.3 
 𝑆𝑢𝑠𝑡!" =   𝑆𝑢𝑠𝑡!  ×  𝑆𝑢𝑠𝑡! 	   	   	   	   Equation 10.4  
 𝑆𝑡𝑟𝑎𝑡!" =   𝑆𝑡𝑟𝑎𝑡!  ×  𝑆𝑡𝑟𝑎𝑡! 	   	   	   Equation 10.5 
where,  for  the  criterion  of  ‘Economic  Viability’  (Econ),  ‘Technical  Feasibility’  (Tech),  ‘Sustainability  Benefit’  (Sust),  and  ‘Strategic  Importance’  (Strat)  respectively:  Econwx,  Techwx,  Sustwx,  Stratwx  =  the  weighted  scores  for  intervention  x     Econx,  Techx,  Sustx,  Stratx  =  the  expert  defined  scores  for  intervention  x    Econf,  Techf,  Sustf,  Stratf  =  the  expert  defined  weighting  factors  for  the  criterion  
Examples of these designations related to the boxes on the scoring sheet are additionally 
illustrated in Figure 10.8.  
10.3.4.2 Step 3.4b:  Calculate Total Individual Expert Scores 
In order to calculate the scores for each potential SD intervention, given by each expert, the 
second step in this series of calculations involves a simple summation of each of the individual 
weighted criterion scores calculated in Step 3.4a, as shown in Equation 10.6: 
 𝑇𝑆! =   𝐸𝑐𝑜𝑛!"   +   𝑇𝑒𝑐ℎ!" +   𝑆𝑢𝑠𝑡!" +   𝑆𝑡𝑟𝑎𝑡!"	  	   	  	  	  	  	  	  Equation 10.6 
where,  TSx  =  the  total  combined  score  for  intervention  x  
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10.3.4.3 Step 3.4c: Collate Overall Ranking Scores 
The final comparison of alternative interventions is achieved by giving each a single ranking 
score. This is calculated by combining the total weighted results from the individual expert 
evaluations into a single representation of overall performance for each potential SD 
intervention. To this end, the mean average of each of the total individual expert scores is 
calculated to give a final score for each intervention, which will lie between 1-3, and thus can be 
directly related back to the scoring system as outlined in Table 10-1. This approach is shown in 
Equation 10.7 below. 
 𝑂𝑆!!"#$%#& =    !!    𝑇𝑆!                       𝑓𝑜𝑟  𝑖 = 1, 2, 3,… , 𝑛.!!!! 	  	   	  	  	  	  	  	  Equation 10.7 
where,  for  the  inputs  received  from  n  experts:     𝑂𝑆!!"#$%#&	  =  the  overall  ranking  score  for  intervention  i     TSi =  the  total  combined  score  for  intervention  i  
 
10.3.4.4 Step 3.4d: Calculate Feasibility vs Benefit Ratios 
Although the Overall Ranking Scores calculated in the previous step give the final score for each 
intervention, in order to enable meaningful mapping of the final results, separate scores for the 
overall feasibility and overall benefits of each intervention are also calculated. This helps to 
identify where quick wins can be made, and where further investment is needed, as described in 
the following sub-section. 
To this end, the feasibility and benefit scores are calculated using the mean average of each of 
the individual expert scores, where ‘Overall Feasibility’ is the combined scores for ‘Economic 
Viability’ and ‘Technical Feasibility’, and ‘Overall Potential Benefits’ is the combined scores of 
‘Sustainability Benefit’ and ‘Strategic Importance’. These two approaches are represented in 
Equation 10.8 and 10.9 below for feasibility and benefits respectively. 
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 𝑂𝑆!!"#$%&%'%() =    !!    (𝐸𝑐𝑜𝑛!"   +   𝑇𝑒𝑐ℎ!")                      𝑓𝑜𝑟  𝑖 = 1, 2, 3,… , 𝑛.!!!! 	  	  	  	  	  	  	  Equation 10.8 
where,  for  the  inputs  received  from  n  experts:     𝑂𝑆!!"#$%&%'%()	  =  the  overall  feasibility  score  for  intervention  i     Econwi,  Techwi  =  the  weighted  scores  for  intervention   i  with  respect  to  economic  viability  and  technical  feasibility  respectively.  
 𝑂𝑆!!"#"$%&' =    !!    (𝑆𝑢𝑠𝑡!"   +   𝑆𝑡𝑟𝑎𝑡!")                      𝑓𝑜𝑟  𝑖 = 1, 2, 3,… , 𝑛.!!!! 	  	  	  	  	  	  	  Equation 10.9 
where,  for  the  inputs  received  from  n  experts:     𝑂𝑆!!"#"$%&'	  =  the  overall  potential  benefits  score  for  intervention  i     Sustwi,  Stratwi  =  the  weighted  scores  for  intervention  i  with  respect  to  sustainability  benefit  and  strategic  importance  respectively.  
10.3.5 Step 3.5: Produce Maps of Prioritised Recommendations 
Once the data received from the experts has been processed and calculated to give the final 
scores for each individual recommendation, the information generated needs to be presented in 
a simple to understand format, so that the results of the DfUS project can be easily shared with 
stakeholders of the SD process improvement activity. At this stage, the audience for the results 
will be different to that which previously utilised the visualisations generated in the second 
‘evaluation’ stage. The earlier visualisations are used primarily by the DfUS actor to identify 
areas for improvement of SD activity, however, the results from this ‘prioritisation’ stage will be 
used to disseminate the findings of the project, and therefore will be seen by a broader range of 
stakeholders. These individuals are likely to include the experts consulted during prioritisation, 
as well as members of the design team and design management. It is possible that the intended 
readers at this stage may not have been directly involved in any of the DfUS activities prior to 
receiving these results, and therefore it is important that the output from this stage offers 
simple, understandable and directed information to help support the findings and show the 
results in the best way possible. 
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In this context, the DfUS ‘Process Improvements Map’ sheet was developed, as shown in Figure 
10.10. This contains a number of visualisations and range of information that aims to present 
the findings from the project in a simple way. The various components of this sheet are: 
• Recommendations Table: This is a table containing a list of the recommendations 
identified by the DfUS framework. These are ranked by their final ‘Overall Ranking’ 
scores, from highest to lowest, and the table contains further information about each 
one, including the stage of application within the design process, and the type of 
sustainability targeted by the improvement.  
• Current Design Process Needs Map: This is the ‘Design Sustainability’ bar chart taken 
from the ‘Factor Comparison Map’ produced during the design process evaluation, 
which illustrates where the considerations for the three dimensions of environmental, 
economic and social are currently included within the design process. 
• Proposed Process Improvements Map: This is a layered line graph showing the 
potential for improvement using the recommendations found. This maps the stages of 
intervention for the proposed recommendations against the map of the current process 
as identified by the design process evaluation. 
• Sustainability Targets Chart: This is a simple radial chart showing the proposed 
recommendations, highlighting their relative ‘Overall Ranking’ scores and the 
corresponding type of sustainability improvement they are targeting. 
• Feasibility vs Benefits Matrix: This is a matrix showing the recommendations mapped 
using their ‘Overall Feasibility’ and ‘Overall Potential Benefits’ scores to give an 
overview of which offer ‘quick-wins’ and which require more investment and effort. This 
also highlights the scores by labelling the axes of the matrix according to the scoring 
models used to rank the recommendations. 
These visualisations are designed to help support decision making and enable quick and easy 
identification of the most beneficial, feasible and therefore appropriate recommendations for 
improving SD within a company. By providing a comprehensive multi-criteria and multi-
stakeholder ranking of the identified SD interventions, this decision model enables a company 
to select the most pragmatic and meaningful options for their business with a high confidence. 
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Figure 10.10. DfUS Process Improvement Map Sheet 
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As it is not always possible for a company to address all the options identified, this sheet also 
helps them to direct their efforts and investment towards the most effective recommendations. 
The process improvement map sheet designed in this research therefore most crucially enables 
dissemination of the findings from the DfUS project, communicating not only the results and 
identified areas for improvement of SD, but also helping to gain buy-in from stakeholders by 
raising awareness of the activity and the perceived benefits.  
10.4 STAGE 4: IMPLEMENTATION OF DfUS IMPROVEMENTS 
The methods developed for use in the DfUS framework enable the identification of a range of 
opportunities for the improved consideration of SD throughout existing and established design 
processes. To this end, the process improvement map generated in the third ‘prioritisation’ stage 
of the framework presents a range of recommendations for embedded SD that are targeted at 
the specific needs of the company, and ranked according to their feasibility and potential 
benefits in application. In order to implement these recommendations in practice however, a 
number of further steps need to be taken to firstly plan, then deliver, and finally monitor the 
effects of these new activities, and help a company develop their experience and maturity with 
sustainability and design process improvement. 
In this context, the review reported in Chapter 4 highlighted that the most successful adoption 
of SD occurs when design tools and methods are adapted and customised to meet the needs of 
the company. This will clearly be a very bespoke activity, and although the recommendations 
generated by the DfUS framework provide a basic guide as to areas for improvement, the 
company will need to adopt a measured and considered approach towards customisation of 
these new activities – to select and adapt appropriate tools and methods to fit within their 
design processes and meet the needs of the designers and engineers involved. This is crucial to 
the success of the DfUS project, as ineffective and insufficiently considered interventions at this 
stage will prevent the improvements from having the desired impact. 
As such, in the fourth stage of the DfUS framework the company should use the 
recommendations identified during the prioritisation stage to help develop guidelines for 
customising approaches to SD improvement and implementation within their design processes. 
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An overview of this stage is depicted in Figure 10.11. This final stage has two key purposes, firstly 
to support the implementation of the recommended improvements, and secondly to set targets 
to evaluate the performance of the interventions and monitor the effects of their 
implementation towards establishing a continuous improvement cycle. 
This approach outlined is intended to give an overview of suggested steps towards SD 
implementation and continuous improvement, however it is expected that the shape of this final 
stage and the activities contained within will be up to the discretion of the company. Application 
is therefore likely to be very different depending on the company, the organisational structure, 
the management style, and the types of interventions being implemented. 
 
Figure 10.11. Stage 4 of the DfUS Framework showing the key steps of Implementing the 
Improvements 
4. IMPLEMENT 
 
Step 4.4 
Continuous improvement 
of processes. 
Step 4.2 
Finalise the detailed 
recommendations 
2. EVALUATE 
3. PRIORITISE 
Step 4.1 
Initial research into SD 
intervention requirements. 
4.4 Continuous 
improvement loop 
4.1 Initial Research 
4.2b Final approval 
for interventions 
Re-Scope 
Approved 
1. STRATEGISE 
Step 4.3 
Set targets for 
monitoring progress. 
4.3 Set performance 
targets 
4.2a Finalise specific 
recommendations 
Manager input 
Expert Input 
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For example, in a smaller company with lower complexity application of this stage may be more 
ad-hoc, and conversely in a larger company this activity may be more formalised, and may even 
need to involve input from other departments such as a ‘continuous improvement team’. The 
closing framework steps proposed in this research therefore are modelled on the ‘Check’ and 
‘Act’ phases of ISO 14001 and ISO 14006 (British Standards Institution, 2011; British Standards 
Institution, 2004), in which audits and continuous improvement are established. 
In this context, the following sub-sections describe a series of proposed steps that might be 
followed by a company to help guide towards considered and strategic implementation of 
improved sustainability consideration, and towards a continuous growth and expansion of SD 
practice throughout their design processes.  
10.4.1 Step 4.1: Conduct Initial Research towards Customising SD Improvements  
The previous ‘prioritisation’ stage of the framework generated a ranked list of potential 
opportunities for the strategic integration of sustainability within a company. These are very 
broad and generalised recommendations that will likely cover a wide range of different topics. 
As such, in order to identify the detailed requirements for realising these recommendations in 
practice, this initial step of the ‘implementation’ stage requires further investigation and 
research to identify the specifics needed to put them into action within the company’s processes. 
This initial research activity therefore has two key aims. Firstly, the DfUS actor should aim to 
identify any appropriate design tools, supporting software, or any other detailed considerations 
and information needed to help support the activity and decision-making for improved SD. 
Secondly, they should aim to investigate how to customise these identified approaches to fit 
within their existing procedures and processes, and provide appropriate support to designers in 
the most sensible and understandable way for the given context. This step will ensure that any 
new SD approaches and activities are tailored to fit within and alongside existing practice, 
enabling them to be readily implemented and utilised as effectively as possible from the outset. 
During this step, investigation should also be conducted to gain an overview of what is required 
of the company to put these recommendations in practice. For example, each activity will 
require some investment with respect to both time and monetary commitments. Therefore, the 
actor should gather information about any potential project costs, the commitments and 
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requirements for time and support from internal personnel, or any required external expertise 
or further investment required to implement the new practices. 
As with previous stages, it is important that this final specification and selection step involves a 
wider group of actors to ensure that the approaches developed are effective and pragmatic, and 
that all relevant company requirements are taken into consideration. In particular it is clear that 
it will be crucial to involve input and feedback from members and managers of the design team, 
to specify and create customised activities that will be useful and appropriate within the context 
of existing design activity. 
10.4.2 Step 4.2: Final Customised Improvement Recommendations 
Once initial research has been conducted to identify the full scope, specification and 
requirements for each recommendation to be implemented, the final actions for improvement 
can be put together. Therefore, the second proposed step in this final stage of the framework 
requires the actor to draw up a final recommendations list using all the appropriate data 
gathered during their research, and to present this to the appropriate authorities to gain 
approval for final implementation. 
In this context, it is expected that approval will need to be sought from the relevant actor or 
department within the design chain, or from those impacted by the new activities where 
necessary. For example, this may require consultation not only with the Design Manager, but 
also with a central Sustainability or Corporate Responsibility teams. 
This step may not need to be formalised in smaller companies, however, in larger companies it 
is likely that this approval step may be an automatic requirement embedded within other 
company procedures. For example, if the design team needs to make any purchases to put the 
recommendations into effect, such as buying new software or even conducting some initial 
product sustainability testing, then at this stage is it likely that there will be a sign off procedure 
in place to approve purchase orders and make payments. In this context it can be seen that final 
approval for the project may also need to involve the wider procedures of the company in order 
to gain support and permission to move forwards.  
CHAPTER 10 
  181 
10.4.3 Step 4.3: Set Targets for On-going Monitoring 
Once the recommendations for new SD activities have been fully developed and approved, they 
not only need to be put into practice, but it will also be important for the company to set targets 
for monitoring of the new approaches. This will enable the company to keep a record of their 
progress, and ensure that the interventions are effective and successful. As part of continuous 
improvement, the company will need to conduct periodic reviews of their SD activities, and 
therefore the targets set at this stage should also be planned to firstly evaluate the ability of the 
results of DfUS to meet company requirements, and secondly, to identify any opportunities for 
further improvement. 
It is therefore important for a company to identify and develop a number of targets, KPIs or 
reporting procedures, based on the strategy and goals set out in the BOSCARD. These should 
aim to provide meaningful support to the design team as part of their design monitoring 
activities. For example, if corporate strategy involves the reduction in energy use across the 
business then it may be applicable to monitor the impact on energy reduction of a given SD 
intervention. In this context it can be seen that this monitoring could potentially cover a broad 
range of factors such as the environmental, economic and social benefits of the activities, the 
appropriateness of selected tools and approaches, and the methods of data collection employed. 
For each recommendation therefore, the company should decide how impact should be 
measured and supported in the most effective way to enable them to measure performance, and 
monitor the effects of the SD improvement activity.  
During this step, a company may also want to identify and nominate a different person then the 
DfUS actor to be a ‘DfUS Champion’, and support the on-going monitoring and review of these 
activities moving forwards. This could be a design manager, or member of a performance 
monitoring team, but should be someone who has appropriate knowledge of the products, the 
SD improvement activities, and the strategic needs of the business. 
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10.4.4 Step 4.4: Continuous Improvement of Sustainable Design Processes 
When the recommendations identified by the DfUS project have been put into practice, it will be 
important to monitor, review, and continuously improve activities to enable an expansion in 
consideration of sustainability, and a growth of maturity in the application of SD throughout the 
company on an on-going basis. 
To this end, systematic audits and reviews should be established, using the targets identified in 
the previous step, to enable a company to monitor progress and identify areas for improving 
activities. These reviews should involve actors from across the design team and other areas of 
the company as appropriate to ensure that performance is meeting expectations, and to help 
highlight areas requiring further investment and effort. These audits should therefore assess 
different factors relevant to the company as needed such as the environmental performance of 
interventions, the extent to which objectives and targets have been met, and any changing 
circumstances such as emerging legislation. As part of a systematic review process the company 
could also incorporate monitoring of the continuous improvement approach, taking into 
consideration factors such as the identification of any required corrective and preventive 
actions, and following up actions identified in previous reviews. 
It is envisioned that the improvement of DfUS within a company will therefore employ an 
iterative approach, leading to further application of the framework to identify new and emerging 
considerations in the design process. As part of the programme of reviews, a company could also 
incorporate activities that will enable them to build their own customised design process 
evaluation approach. This could include focusing on identification of topics critical to their 
activities, and incorporating scoring models based on the results of the targets and monitoring 
methods established as part of the DfUS activities. Thus, application of the DfUS framework can 
help a company to obtain a deeper understanding of the needs of their business and products, 
and also help them to grow maturity and experience of SD towards a greater, more 
comprehensive, and more holistic consideration of sustainability throughout design activity – 
towards ubiquitous sustainability.  
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10.5 CHAPTER SUMMARY 
This chapter contained an outline of the third and fourth stages of the DfUS framework, in 
which the results from the previous stages are used to identify and rank recommendations for 
the improvement of SD practice within established design processes. The first half of the chapter 
described a multi-criteria decision model which enables the proposed recommendations to be 
scored by a panel of experts to identify the most effective and pragmatic options for 
implementation. The second half of the chapter then went on to discuss how the findings of the 
DfUS project can be used to create guidelines for the customisation and implementation of 
improved approaches to SD, and to help set up a monitored and targeted approach to 
continuous improvement of design processes. 
This chapter concludes the presentation of the core research concepts developed and reported in 
this thesis. The following chapter then goes on to present two case studies conducted to 
demonstrate application of the framework, and used within this research to refine and develop 
the framework approach and the methods utilised within.  
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11. CASE STUDIES FOR EMBEDDED SUSTAINABILITY IN 
DESIGN PROCESSES 
11.1 INTRODUCTION 
This chapter contains an overview of two case studies that have been conducted to demonstrate 
the application of the research reported in the thesis. The chapter begins with a case study of a 
small company (design consultant) with low maturity in SD implementation, and continues with 
a case study of a large company with medium maturity. For each case study, an outline of the 
company and participant (DfUS actor) is given, followed by a systematic description of the case 
study activities carried out. The results of the case studies are then analysed to draw conclusions 
about the effectiveness of the DfUS framework approach, and its associated methods for design 
process evaluation and improvement. 
11.2 CASE STUDIES FOR EMBEDDED SUSTAINABILITY IN DESIGN PROCESSES 
In order to refine and validate the research concepts developed in this thesis, the DfUS 
framework described in Chapter 7 was applied and tested within a number of industrial partners 
at various stages of development. These case studies were not only used to demonstrate the 
effectiveness of the framework and various methods developed within this thesis, but also to 
ensure that the research concepts themselves were simple, useable, and beneficial. By gaining 
real case study input, this research therefore not only helped to further develop the framework 
approach, but also to improve SD consideration within the case study partners. 
To this end, two different case studies were purposely selected. The first is based on a freelance 
footwear designer and demonstrates the use of the framework in a small, low SD maturity 
scenario.  The second is based on a sports equipment manufacturer that develops a range of 
products for an international market, demonstrating the use of the framework in a large, 
medium SD maturity scenario. An overview of the different levels of maturity and complexity of 
these two case studies, as well as an explanation of how they were used in this research to help 
validate the DfUS framework is outlined in Table 11-1.  
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Table 11-1. Comparative Overview of Case Studies 1 and 2 
 
CASE STUDY 1 
Footwear Designer 
CASE STUDY 2 
Sports Equipment Manufacturer 
Maturity Limited experience with sustainability and 
limited understanding of formal design 
processes. 
Medium experience with sustainability and with 
improvement of design processes. 
Complexity & 
Control 
Simple and unstructured single actor 
design process, conducted as an 
externalised process with the Designer 
acting as a consultant to a manufacturer. 
Structured design process conducted internally 
within the manufacturer involving small 
development team within the business. Simple 
product not requiring bought in sub-assemblies. 
Design Chain 
Scenario 
 
 
Framework 
Application 
 
 
Research 
Concept 
Validation 
Case 
To provide a base for benchmarking in this 
research through validation of the design 
process evaluation as a stand-alone design 
tool for supporting improvements in design 
processes, and consideration of 
sustainable design towards a growth in 
experience and maturity with SD. 
To identify and demonstrate potential benefits 
that can be achieved using the framework 
through implementation of the multi-criteria, 
multi-stakeholder decision model to identify 
effective and appropriate recommendations for 
beginning formal consideration of sustainability 
within structured design processes. 
Improvement 
Project 
Context 
As there was no formal design process 
structure, this was conducted in a flexible 
manner utilising the evaluation process as 
an informative and experimental design 
tool to identify areas for strengths and 
weaknesses in design practice and 
sustainability. 
This was conducted as part of a wider internal 
review of product development procedures, and 
of a corporate push to include sustainability 
within the business. Thus the evaluation and 
improvement activity focussed on selection of 
recommendations for improving the workflow 
within design processes. 
 
 
CHAPTER 11 
  186 
This table additionally outlines the differing approaches to framework application carried out in 
each study, showing that there are a number of ways for companies with different levels of 
experience and maturity with SD implementation to customise their application of the DfUS 
framework. In the first case study, a more flexible approach is used by the independent 
designer, focussing primarily on design process evaluation to identify areas for improvement for 
consideration of sustainability throughout their design chain. In the second case study, the full 
framework approach is used by the sports equipment manufacturer to support identification of 
specific and targeted recommendations for the implementation of SD within their existing 
design processes.  In this context, a full overview of the range of activities and documents that 
are input to, and output from each stage of the DfUS framework is summarised in Figure 11.1. 
As each case study required a different approach to applying this framework, and this research 
involved collaboration with different people in the respective companies, each case study 
therefore involved employing a different method. In each case the framework stages, the 
individual activities, the methods of communication, and the points of information exchange 
between the author and the company were all tailored to the individual needs of each situation. 
A comparative overview of the research method, and individual stages involved in completing 
each case study are shown in Figure 11.2. These studies however were not run concurrently, but 
instead the second case study started when the first was in the final stages, and when feedback 
from the first study had been used to refine the methods developed. 
 
Figure 11.1. Overview of Inputs and Output to the DfUS Framework 
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Figure 11.2. Comparative Overview of Case Study Methods 
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The remaining sections of this chapter present each case study, outlining the context of the 
study, describing the specific approaches utilised in each case, presenting the data collected, and 
analysing the findings in each case. 
11.3 CASE STUDY 1: FOOTWEAR DESIGNER 
The first case study was conducted in collaboration with an experienced footwear designer. The 
independent designer acts as a consultant to larger footwear manufacturers, designing 
individual shoes and ranges of shoes based on styling and material briefs, and in some cases in 
collaboration with the suppliers indirectly through the manufacturer. The product range can 
therefore be very broad, from trainers and casual shoes, up to high-fashion designer footwear.  
An overview of the organisation of the relationship between the designer, manufacturer and 
suppliers in this case study is shown in Figure 11.3. This unique model of design chain, with the 
design activity externalised at the design consultancy, provides the designer with limited scope 
for affecting final decision making at the manufacturer, but with the ability as the ‘expert’ to 
make suggestions based on their expertise. 
In this case study, the designer was seeking to improve the environmental impacts of her design 
activities driven by her own curiosity and desire to be more sustainable.  She had noticed that 
sustainability is not considered at any stage throughout the design and production of footwear, 
and would like to explore which sustainability factors are relevant and need to be taken into 
consideration, as well as new ways to address this within her design processes. 
 
Figure 11.3. Overview of Footwear Designer Case Study Organisation Chart 
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As footwear production is primarily a fashion driven industry, there is a strong drive to design 
products that not only have short lifecycles (often replaced when the fashion moves on), but also 
utilise interesting, luxurious and innovative materials. The design processes employed are also 
typically explorative, informal, and creative – driven by open briefs and factors such as 
marketing and trend directions. 
In this context, within this case study the framework was applied in collaboration with the 
designer (as outlined in Figure 11.2) to help her to identify areas for the improvement of 
sustainability within the development of the footwear. As the designer had complete control 
over her own decisions, but limited scope to impact a number key factors at the main 
manufacturers, this case study utilised a limited and exploratory application of the DfUS 
framework, illustrated in Table 11-1 and described further in the following sub-sections. 
11.3.1 Strategic Project Scoping 
The initial stage of this case study involved setting the goals and scope. In this case, the drivers 
were very broad with application of the DfUS framework intended primarily to help the designer 
to first identify targets for the consideration of sustainability, and secondly to identify 
opportunities to include these within her design activity. In the first instance, prior to 
commencing the study the designer had done some preliminary investigative research into 
sustainability. As such, despite low experience and maturity with SD, she had obtained a good 
foundation of relevant knowledge from which to begin to conduct the investigation.  In addition, 
because her existing design processes are so informal (being a personal process of ideation and 
realisation for the designer herself) it was very difficult to set tangible, or specific objectives and 
deliverables for the DfUS study. As such, a BOSCARD was not completed to direct this case 
study, which was instead conducted more informally as a simple exercise towards improvement 
of maturity for the designer. 
With respect to scope, the designer selected a hypothetical ‘sustainable’ footwear design project 
to act as a baseline to conduct the study. This enabled her to consider a project with a more open 
brief than usually received when working with a manufacturer. For example, when given a brief 
by a company it would be typical for a designer to be asked to design a set number of products 
together (such as 3 pairs of trainers and 4 pairs of sandals), and to receive trend direction as 
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well as a book of seasonal material swatches to utilise in these designs. Therefore, for the 
purposes of this activity, assuming design of ‘sustainable’ shoes as a conceptual stand-alone 
project allows additional freedom to select the most appropriate materials and processes. 
11.3.2 Design Process Evaluation 
To conduct the second stage of the DfUS framework and investigate the considerations affecting 
footwear design, the designer was given a DfUS workbook for a CC company, as included in 
Appendix C. This utilised a medium maturity 5 point scoring model, however, the observations 
made by the designer during this case study highlighted the need for a scoring model more 
appropriate for lower maturity applications (as discussed further in the following section).  
The worksheets completed by the designer for this case study are included in full in Appendix E, 
and an example of the completed environmental worksheet is shown in Figure 11.4. Using the 
information collected in these various worksheets, the six summary graphs and the three 
corresponding process maps were generated for this case study. An example of the top level 
‘Factor Comparison’ map is shown in Figure 11.5, and a complete set of the visualisations 
produced in this second stage of the framework are included in Appendix E.  
11.3.2.1 Collecting the Data 
During the design process investigation, the designer came across a number of challenges in 
completing the tables and worksheets. One of these arose from the lack of structure in the 
footwear design process (which is much less formally defined than the four areas given in the 
tables) as, in more creative and flexible environment many decisions happen across all four 
stages of the design process. For example, when considering many of the product design related 
factors (such as material selection), it is typical that a range of concepts are identified in the 
planning phase, with final selection only occurring at the last moment in the detail phase. This 
made it difficult to pin point the current ‘as-is’ example of where design decisions are made.  
Another challenge encountered was with collection of appropriate information to complete the 
tables. The designer found that this was particularly difficult when trying to gain environmental 
information from companies, or suppliers, who were in many cases reluctant to share details 
about their impacts. 
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Figure 11.4. DfUS Footwear Design Completed Environmental Sustainability Worksheet 
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Figure 11.5. DfUS Footwear Design Factor Comparison Map 
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For example, the designer specifically had challenges with gathering information such as factory 
energy use/sources, material use/sources, and second tier supply chain details. It is unclear 
whether this reluctance was due to lack of willingness by companies to share information, or 
simply because this information was not available. 
This difficulty in information gathering was reflected in the scoring of the tables in this case 
study. Where the designer found that a decision was beyond their control or scope, they 
indicated a desire to address this factor at some point in the future by placing a ‘+’ symbol in the 
‘specify decision’ box. This aspirational marking system was expanded by the designer and used 
to help them identify further areas for improvement as they went on through the investigation. 
Examples of this aspirational marking are prevalent on the knowledge management worksheet, 
where due to the unstructured nature of the design process very few opportunities were 
identified. On this worksheet therefore instead, where the designer recognised that the adoption 
of a particular method would be beneficial in the future, they also included a ‘+’ symbol. In 
addition to this positive marking, the designer also used a ‘–‘ symbol to indicate criteria that 
were not applicable to their product and process. This is because in some cases the information 
in the pre-defined tables conflicted with the basic aims of the activity. For example, the concept 
of ‘standardisation’ is not applicable to fashion footwear, which relies heavily on individuality. 
With respect to the five point scoring model utilised in this example, the designer found that it 
was often difficult to assign the full range of variety offered by the scores 1-5. They instead found 
that there was a tendency to want to give the maximum score to many of the options. As such, it 
was recommended that a more simple scoring model would be preferable, and therefore in 
collaboration with the designer a dedicated low maturity scoring system was developed for use 
within the DfUS framework, based on a three point scale of ‘importance’, ‘critical importance’, 
and ‘low importance’ (described in Section 9.4.3.2).  
11.3.2.2 Interpreting the Results 
Overall the designer found the results to be very informative, and the process to be very thought 
provoking. She was pleased with the findings of the investigation, which helped her to identify a 
number of areas for future improvement, as well as highlighting potentially impactful 
considerations for sustainability beyond her previous understanding. 
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An example of this is that in fashion products, typically sustainability considerations tend to be 
focussed around material selection. Although this is a well-recognised and important aspect of 
the product and its environmental impact, the wide variety of evaluation criteria in the DfUS 
tables prompt consideration and investigation of a wider range of factors. Similarly, the variety 
of complexity considerations helped the designer to consider broader “changes to the way we 
[herself and the wider fashion industry] are doing things”, in order to identify ways to improve 
collaboration with other stakeholders across the value chain, and also improve knowledge and 
understanding of wider factors such as emerging technologies and methods. 
In this context, a general trend illustrated by the top-level comparison graph shown in Figure 
11.5 is that the designer was able to identify many targets for the consideration of sustainability, 
compared to a small number of complexity factors as opportunities for implementation of these. 
This highlights the simplicity and relative informality of the design process, with limited formal 
procedures and documentation in place. Those that were identified by the designer were 
focussed in the early stages of the design process – planning and concept – showing that the 
early briefing documents and meetings with the manufacturer were the most influential, and 
only formal stages of the development activities.  It was also found that, in this case study the 
dimension of regulatory complexity contained criteria that were not applicable to the scenario, 
and thus no opportunities were found in this worksheet. This is because the factors being 
addressed on this sheet are beyond the scope and control of the designer in this case study, with 
responsibility residing at the manufacturer. 
With respect to the sustainability dimensions, the results of the process evaluation found a 
relatively even spread of targets for consideration of sustainability in design across 
environmental, social and economic factors. These are more heavily concentrated in the early 
stages of design, and reduce in concentration towards the final stages, with the spread between 
the three factors remaining fairly consistent across the process. This highlights a very healthy 
picture of the potential for design improvement during this initial application of the framework, 
and demonstrates that the designer was able to identify a broad range of areas for the 
improvement of SD, not only across the three dimensions, but also across the various decisions 
being taken throughout the product design process.  
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11.3.3 Improvement of Sustainable Design 
The design process evaluation conducted during this case study required the designer to use 
existing knowledge of their processes and products, as well as drawing on dedicated 
sustainability and supplier research to complete the various DfUS worksheets and build a 
picture of the strengths and weaknesses within her design activities. 
With respect to identifying targets for the consideration of sustainability, the designer was able 
to use the pre-defined tables to highlight a broad range of environmental, economic, and social 
factors across their design process that would help to improve their products, as shown in more 
detail in Figure 11.6, which contains a detailed view of the sustainability target map taken from 
the ‘Factor Overview Map’ visualisation for the case study (included in full in Appendix E). 
With respect to identifying opportunities for the inclusion of these considerations, it was found 
that there were very few formal processes existing within their established practices that could 
be readily utilised to incorporate SD activities, as discussed in the previous section. The designer 
however, was able to use the specific criteria within the tables to instead identify more 
aspirational areas for design process improvement. This was done for example by marking 
decisions that were outside her control that she would like to explore, as well as identifying 
appropriate knowledge management methods and tools that could be useful or beneficial to 
utilise moving forwards. This unexpected use of the worksheets added an extra dimension to the 
more informal and exploratory application of the framework approach in this case study, and 
has helped the designer to identify clear and beneficial areas for future design process 
improvement, thus adding an extra dimension to the expansion of maturity in this case. 
 
Figure 11.6. Footwear Design Sustainability Recommendation Target Map 
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One challenge within this however is that this additional level of ‘aspirational’ information could 
not be captured within the visualisations produced in this case study, as they could not be 
mapped onto areas of the design process using the same metrics. Therefore, the designer would 
need to use the original worksheets alongside the various graphs and maps to identify areas for 
improvement of her activities. 
In this context, because the designer was able to identify a large number of targets for 
improvement of SD using the sustainability factors (in addition to identifying a range of 
aspirational areas for future process improvement) it is clear that she will not be able to tackle 
all of the areas highlighted. Therefore, at this stage some initial and less formal single-
stakeholder prioritisation could be beneficial in order to identify the most influential and most 
pressing areas for improvement. However, it was decided that in practice the key product and 
process requirements would be different for each manufacturer and each specific application. In 
addition, it would also be very difficult, and very restrictive to formally propose and limit 
specific recommendations in this way, given the creative and dynamic nature of her design 
process in this context. 
Therefore, in order to improve SD practice and maturity moving forwards, the designer will 
instead utilise the outputs from the case study and their application of the DfUS framework 
approach as a design guide. This means that she will use the various improvements and 
considerations identified in this evaluation to help direct her design activity in the future, based 
on the individual needs of a product or company. 
11.4 CASE STUDY 2: SPORTS EQUIPMENT MANUFACTURER 
The second case study was conducted in collaboration with a large international sports 
equipment manufacturer. The company designs and manufactures a range of sports equipment 
for applications ranging from inexpensive everyday items, to heavy duty items for schools, and 
elite performance items for the highest levels of professional sport. In addition to this they have 
a very broad product portfolio, offering equipment, protective gear and accessories for different 
sports. Therefore, the company’s products are spread into a range of end-users, with varying 
product life cycles, and utilising different materials and processes. 
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An overview of the organisation of the company is shown in Figure 11.7, where in this case study 
the company participating is a brand under the umbrella of a larger ‘parent’ manufacturer. The 
brand (or company for the purposes of this thesis) however operates largely as a separate 
business, and as such take sole responsibility for design, development and management of the 
products. The parent manufacturer supports their activities by overseeing central business 
operations such as a ‘Corporate Responsibility’ team, as well as a number of additional brands. 
 The company has had limited experience with sustainability previously and described their past 
activities in this area as “happening more by luck than planning”. This however is something 
they are hoping to change across the wider business, and sustainability is something that is 
increasingly being talked about at all levels of the parent manufacturer. To this end the company 
is aiming to make a concerted effort to include sustainability throughout all aspects of their 
business, and particularly within product development. As such, they have set the ambition that 
the next product to be developed will be the first in their history to have consideration of 
sustainability incorporated from the very beginning. 
As a large and well-organised business, they already have a good level of knowledge and 
experience with their design processes and procedures. Although these are well understood 
throughout the business, at this stage they describe their approach to design improvements as 
“very reactive” and recognise that this is also an area of priority for improvement. 
 
Figure 11.7. Overview of Sports Equipment Manufacturer Case Study Organisation Chart 
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To this end, the company additionally has the ambition to build design improvement into their 
activities as a continuous process, as opposed to looking back and measuring reactively at the 
end of projects. 
In this context, within this case study the framework was applied in collaboration with the 
company (as outlined in Figure 11.2) to help them identify areas of improvement in line with 
these ambitions for improving both sustainability, and maturity with design process 
improvement. As the company had well defined goals and drivers for the project, a good 
understanding of their established processes, and a wide stakeholder network, this case study 
followed the complete application of the DfUS framework (illustrated in Table 11-1). The 
following sub-sections document the findings from this case study, including data collection, 
interpretation of the findings, and the impact of the improvement activity.  
11.4.1 Strategic Project Scoping 
The initial stage of this case study involved setting the goals and scope for the DfUS activity. In 
this case, the drivers were clear as the application of the DfUS framework helped towards a 
company wide effort to both improve product development procedures, and include 
sustainability throughout design activity. In the first instance, prior to commencing the study 
the company had held a workshop for a number of days with all relevant employees and 
stakeholders to understand the activities and structures within their design process. This 
initiated an on-going project to identify improvements to existing practice, and set a solid 
foundation for the DfUS study, enabling timely contribution to the wider needs of the company 
and ensuring that all the data gathered was as appropriate and meaningful as possible for their 
wider goals. As such, the goals for the study were set to reflect these business drivers to firstly 
help embed sustainability from the earliest stages of product development, and secondly to help 
design process improvement become a less reactive activity moving forward. 
At this stage, the actor chosen by the company to conduct the study was an ‘Operations and 
Compliance Coordinator’. This individual was an Engineer who had an in-depth understanding 
of their product development procedures and had been tasked to lead the sustainability 
inclusion initiative in cooperation with a central Corporate Responsibility team. 
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With respect to scope, it was decided to conduct the study for one specific product at this stage, 
and to use the results to inform wider improvements. This is because specific applications will 
have specific requirements, due to the wide range of different products the company produces. 
For example, a product being used by children at home will need to be both inexpensive and 
durable, however a product used for professional competition will be focussed on performance 
with a comparatively short service life. The final product selected for DfUS evaluation was also 
part of a larger study, and is currently being investigated in collaboration with researchers at 
Loughborough University, to understand the end-of-life impacts of the product – offering 
unparalleled access to dedicated and meaningful information to feed into the DfUS study. 
Due to sensitivity related to the product and competitiveness of the business at this early stage 
in their design process improvement activity, the BOSCARD is not included in this thesis, 
however, where relevant, the needs of the company are explained in the following sections in the 
context of the goals and scope outlined above. 
11.4.2 Design Process Evaluation 
To conduct the second stage of the DfUS framework and investigate their established design 
processes, the company were given a DfUS workbook for a CC company, as included in 
Appendix C. This utilised a medium maturity 5 point scoring model based on the company’s 
experience and complexity within their design processes. At this stage, the company customised 
the layout of the tables to change the four stages of the design process from the given ‘Planning, 
Concept, System, Detail’, to fit with their own internal terminology for activities. These became 
‘Range Direction, Creative Design, Technical Design, and Sign-Off’, which were the only 
changes made at this stage, as the company did not modify the contents of the tables, retaining 
the prescribed topics and evaluation criteria. 
The process evaluation was conducted by the nominated actor in collaboration and consultation 
with personnel from across the business including the ‘Product and Design Manager’ and two 
‘Development Technicians’ – one for the specific product, and the second from another product 
category at the same manufacturer, who was asked to help identify any interesting cross-overs in 
the design process. The worksheets completed by this group are included in full in Appendix F, 
and an example of the completed environmental worksheet is shown in Figure 11.8. 
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Figure 11.8. DfUS Sports Equipment Completed Environmental Sustainability Worksheet 
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Using the information collected in these various sheets, the six summary graphs, and three 
corresponding process maps were produced based on the data received. An example of the top 
level ‘Factor Comparison’ map is shown in Figure 11.9, and a complete set of the visualisations 
produced at this second stage in the framework are included in Appendix F.  
11.4.2.1 Collecting the Data 
From Figure 11.9 it can be seen that with respect to the sustainability factors, the ‘Economic’ 
dimensions were minimally represented, whereas the ‘Social’ dimensions scored highly. This is 
because, although the topics and evaluation criteria in the pre-defined tables were relevant to 
their design process, they felt that they were outside the scope of control for the designers in this 
case. For example, criteria such as ‘expansion into new markets’ will have an effect on product 
development, but are beyond the ability of the designers to influence as the decisions happen at 
a higher level of the company. This also makes consideration of this factor outside the scope and 
purpose of the improvement activity, as identified in the first phase of the framework, and does 
not contribute directly to the company’s desired goals. 
In contrast to this, the ‘social’ dimensions were highlighted as contributing heavily to the overall 
sustainability score. This is because in the past, the business has focussed on the social side of 
sustainability throughout their operations. As with many other sports equipment 
manufacturers, news coverage of human rights violations within supply chains has led to a need 
for ethical compliance as part of wider corporate responsibility.  As such, these considerations 
are already well covered at all levels of this business, and by their competitors within the sector. 
With respect to scoring, during this case study it was found that the scoring approach was open 
to interpretation, and the concept of ‘impact’ in this context was unclear for different 
dimensions. For example, within ‘environmental sustainability’ it is clear that the impact is on 
the overall footprint of the product, however, with ‘social sustainability’ it could be either the 
impact on the business strategies, or on the actual social contributions of the business. As such, 
the company assigned their scores to how important they felt the criterion was for the business 
strategically. This demonstrates that although there is some ambiguity within the interpretation 
of the scoring and application of the approach, there is the possibility to gather data, and utilise 
the findings in a strategic way depending on what best meets the needs of the company. 
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Figure 11.9. DfUS Sports Equipment Factor Comparison Map 
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11.4.2.2 Interpreting the Results 
Overall the company were very pleased with the findings from the evaluation and the 
visualisations produced. They felt the investigation had provided a “good summary” of the 
business and design process, highlighting not only the needs for their future sustainability 
activities, but also a number of areas of poor performance that they need to focus on improving. 
A general trend illustrated by the top-level comparison graph shown in Figure 11.9 is that in this 
case the company identified a high volume of complexity factors, compared to a minimal level of 
sustainability factors. This demonstrated that their design process is complex, having a high 
level of control, bringing together a large range of different information and containing various 
points of communication and checkpoints embedded throughout. It can be seen that these also 
become greater in volume moving towards the later stages of the design process, as would be 
expected in a larger organisation such as this. This happens as the company moves through the 
design process, making more decisions and approving these decisions it can be seen that the 
product design factors reduce (points of communication and collaboration) and the regulatory 
factors increase (sign off and approval documentation). Therefore, while this high volume of 
‘complexity’ has highlighted many opportunities for the inclusion of sustainability in the 
established design processes, this level of control within the design process may also hinder 
innovation and creativity and prevent any activities from having a radical impact.  
With respect to the sustainability factors, it can be seen that the largest concentration is in the 
first stage of ‘range planning’ and the third stage of ‘technical design’ with only limited impacts 
found in the ‘creative design’ and ‘sign-off’ stages. This highlights that many decisions are set at 
the launch of the project to lock in consideration of a variety of factors, and that many are likely 
finally approved during the detail stages of technical design, as would be expected. The map also 
highlights that the previously mentioned high volume of social factors, driven by corporate 
requirements, are already built into the early planning stages. The highest concentration of 
decisions impacting the environmental footprint of the products and business were therefore 
identified by the company as being in the technical design phase, when decisions about the 
materials, durability and packaging of the product are made. 
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At this detail level, a number of further critical features of the design process were highlighted 
by the evaluation activity and the company found that the DfUS activity helped them to 
illustrate and emphasise challenges that were highlighted in their own design process review 
meetings. For example, the need for improving email communication was previously 
highlighted, and their parent company is already considering and testing a PDM system, which 
may be rolled out and utilised within their design process soon. 
In order to use this information to identify areas for improvement the company considered the 
graphs from the ‘back-end’, using the data to identify poor performers, see what is not having 
the desired impact, and try to understand what could be done to address these challenges. For 
example, ‘Design Guides’ were identified as being very ineffective as they do not currently 
include consideration of sustainability, and these therefore represent a large opportunity for 
readily embedding consideration of a wider range of factors, and making a significant impact 
towards improving sustainability performance. In this way, the various strengths and 
weaknesses of the design process highlighted by this study were used by the company to assess 
potential opportunities for the inclusion of sustainability within their established processes. The 
study also highlighted the targets for sustainability consideration and where the decisions 
affecting these are currently made, thus providing an ‘as-is’ model of their design processes, and 
helping them to create an aspirational list of practical improvements in the next stage. 
11.4.3 Prioritise Recommendations for Sustainability Inclusion 
The study was instigated by the company with two initial goals. Firstly, to contribute to a wider 
design process improvement activity. Secondly, to implement consideration for sustainability 
from the earliest stages on the design process. In this context, the company used the findings 
from the design process evaluation to identify a number of targeted areas for improvement, 
generating a list of six recommendations for the inclusion of SD in line with these goals. To help 
with identifying these interventions, a series of recommendation matching lists were produced 
using the findings of the evaluation, and these are included in this thesis within Appendix F. 
These, along with the graphs and maps produced in the previous step, were then used to 
formulate and generate the final recommendations scoring list developed by the company, as 
shown in Figure 11.10.  
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Figure 11.10. DfUS Sports Equipment Recommendations Scoring Sheet 
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This sheet represents a number of broad, but strategic recommendations for improving SD 
using existing knowledge management processes and control documents, giving additional 
specific detail about each recommendation in the notes section. The DfUS actor created this list 
in line with the original goals of the study, and by selecting the most appropriate interventions 
relevant for their business. They did so using their own experience and understanding of the 
needs of the product development process to identify those which would be most strategically 
beneficial, environmentally impactful, and pragmatic within the capabilities of the company. 
Once complete, this sheet was then given to a range of experts for assessment and scoring. 
11.4.3.1 Obtaining Expert Scores 
In order to prioritise the recommendations identified by the DfUS actor in this case study, and 
give a high confidence to selection of effective areas for SD improvement, the scoring sheets 
needed to be given to nominated internal experts to rank each individual proposed 
recommendation against the key criteria (as defined in Section 10.3.3). Therefore, at this stage 
the recommendations were scored by the original team involved in conducting the design 
process evaluation, namely the DfUS actor, the relevant ‘Product and Design Manager’, the 
specific product ‘Development Technician’, and the ‘Development Technician’ from another 
product category. The individual scores assigned by each expert, and the corresponding 
calculations conducted to obtain the overall ranking scores for each recommendation, are 
shown in the tables that form Figure 11.11. Where gaps are included in the scores (indicated as 
N/A) this was because the individual felt they were not sufficiently qualified to score that 
particular recommendation. 
From these calculations, the final scores for each recommendation were generated (outlined in 
Section 10.3.4). This gave not only the overall ranking information for each suggestion, but also 
details of the breakdown by overall feasibility and perceived benefits. These scores and 
information were then used to generate the final process improvement maps in the following 
step. 
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Figure 11.11. DfUS Sports Equipment Expert Scoring Calculations 
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11.4.3.2 Final Recommendation Maps 
The expert data collected, and the final scores calculated for each recommendation were used to 
produce the final process improvement map sheet as shown in Figure 11.12. This sheet was 
distributed to key stakeholders within the company including not only those involved in the 
DfUS through process evaluation or expert scoring, but also other members of the design and 
management teams within the brand, as well as ‘Corporate Responsibility’ and ‘Continuous 
Improvement’ teams within the parent company. Both the design team, and the members of 
these central teams were very pleased with the results. Individuals who had not been involved 
before this point found the resulting sheet to be “very simple” stating that it gave “an interesting 
overview with some great, clear recommendations”. 
It was commented that the ‘Proposed Process Improvements’ graph, and the ‘Feasibility vs 
Benefits’ matrix were the most helpful. In the first instance, it can be seen that all the identified 
recommendations require intervention in the first two stages of the design process, thus 
highlighting the company’s key strategic drivers for including sustainability consideration in the 
early stages of the design process. In the second case, it was found that the spread of 
recommendations within the matrix offered a clear and simple way to see where the best 
opportunities lie, and which of the recommended interventions will require further investigation 
and investment in order to be put into effect in the future. In particular it can be seen that the 
final recommendation ‘F’ has a comparatively low score, a fact visually highlighted in this 
matrix. In this instance, the recommendation was included as a point of strategy for the 
company, who would like to look at energy use within first tier suppliers as a point of 
improvement across the business. Although they are aware this will be a large challenge and it is 
not immediately feasible, this was a consideration identified when completing the DfUS tables 
and was therefore included in the recommendations list to raise awareness of this issue and to 
help gain buy-in from the rest of the business to see how this can be addressed moving forward. 
The remaining recommendations show an evenly distributed spread of scores, with many 
achieving higher scores for perceived benefits compared with overall feasibility, demonstrating 
that the findings of the design process evaluation, and the recommendations identified by the 
actor, align well with the original goals and strategy of the company in implementing the DfUS. 
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Figure 11.12. DfUS Sports Equipment Process Improvement Map Sheet 
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11.4.4 Implementation of Sustainability Improvements 
After receiving the final ranked list of recommendations, with the final scores and maps, the 
company decided to conduct further investigation into the specific details of how to implement 
as many of the recommendations as possible. For each individual recommendation, further 
work is needed to identify the complete requirements and design process modifications needed 
to realise the improvements. For example, in the case of recommendation ‘D’ there is a need for 
further research to identify which considerations are most relevant to the manufacturability of 
their products, and how the feedback from suppliers can be obtained and taken into account in 
the future. Similarly, for recommendation ‘E’ the company will need to look at developing more 
effective KPIs, and identifying which are most meaningful for their business. At present they are 
experimenting with utilising the Higg index (Sustainable Apparel Coalition, 2014) to do this, but 
are unsure if this is the most appropriate and effective method for them in the long term. 
With respect to the plan for future implementation of these recommendations, the product 
development cycle within the company runs throughout each year, where the designers produce 
the designs for the product season in two years time. Therefore, these proposed improvements 
will be put into effect throughout the upcoming product development cycle and any measurable 
impacts will be reviewed at the end of that development year. 
At this annual review stage, the company currently intends to not only review any progress with 
the recommendations identified in this research, and find additional areas for improvement, but 
also to develop their own custom DfUS tables or approach for continuous process improvement. 
If successful within this context, the findings and approach may be rolled out above and beyond 
the specific brand team that took part in this case study. At present, the centrally managed 
‘Corporate Responsibility’ department for the parent company set very general guidelines for 
each brand under their control.  However, one benefit they have found with the DfUS approach 
during this activity is that this framework enables targeted identification of specific areas of 
design improvement depending on the needs of each brand, or product. Therefore, it is likely 
that if they find the approach to be useful, instead of being organised centrally, their custom 
DfUS approach will be used remotely at every brand within the company, and for every 
individual product category separately, as part of a continuous improvement tool at point of use. 
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11.5 SUMMARY OF FINDINGS FROM THE CASE STUDIES 
The case studies presented in this thesis were selected to help develop and validate the DfUS 
framework, and the various methods developed as part of this research. The two case studies 
demonstrate different modes of applying the framework, to meet the differing requirements of 
two companies with varying levels of maturity with sustainability, and varying levels of 
complexity within their design processes. As such, each case study served a distinct purpose and 
helped to form specific conclusions towards both improvement of the framework approach, and 
identification of areas of future work discussed further in Chapter 13. The following sub-sections 
summarise the conclusions from each of the case studies, and discuss the critical factors that 
enable effective and useful application of the DfUS framework as a means for supporting the 
improvement of SD activity within the design process. 
11.5.1 Conclusions from Case Study 1 
The first case study conducted in this research demonstrates exploratory application of a 
shortened DfUS framework approach. This study provided a benchmark for this research, and a 
means by which to refine the design process evaluation method developed. In this study an 
independent design consultant with limited experience of SD used the DfUS workbooks to 
conduct an investigation into the various factors affecting their products and processes, and 
utilised the various DfUS graphs and maps to help identify the strengths and weaknesses in 
their activities.  
From this case study it was found that in a low maturity scenario such as this, a lack of 
sustainability knowledge could make application of the framework approach more challenging. 
This is because it can be difficult to understand the evaluation criteria provided in the pre-
defined tables without some initial research and understanding of the basic needs of SD.  This 
highlighted a need for a lower maturity scoring model, and for providing more supporting 
information as part of the DfUS methods to provide details such as those contained within the 
notes sheet outlined in Figure 9.10. This also highlights that whilst the method may at first seem 
challenging, it can also help to direct sustainability research in companies with low maturity. 
For example, if an actor identifies an evaluation criterion that they do not understand, it 
prompts them to investigate further, thus growing their knowledge of sustainability issues. 
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Another conclusion drawn from this case study was that application of the complete DfUS 
framework approach is not always necessary, and employing the formalised MCDM method for 
prioritisation may not be useful particularly for more informal and creative design processes. 
Instead, the design process evaluation method alone can provide valuable information towards 
areas for strategic SD improvement. In this context, many of the criteria developed for the pre-
defined DfUS tables, in particular the ‘complexity’ dimensions, are aimed at more formal, 
structured engineering design applications. Therefore, it was found that the design process 
evaluation was able to successfully identify a wide range of targets for consideration of 
sustainability, however, it only identified limited opportunities for including this within 
established activity due to lack of structure in footwear development. The complexity factors 
were instead found to be more useful as an aspirational guide helping the designer to identify 
potential methods for helping to better inform and control decision making within their design 
process. 
Finally, this study highlighted that in the case of externalised design, where the design process 
happens outside the main manufacturer of the goods, there can be a lack of sufficient scope for 
impacting design decisions. For example, it was found that there was a lack of contact with key 
stakeholders in the process, and a reluctance of suppliers to share information directly with a 
freelance designer. Although the designer had little visibility of the wider impacts of their design 
decisions, they were able to identify potential points of communication which they would like to 
strategically improve upon in the future, to help move towards a more collaborative and more 
informed design process. 
11.5.2 Conclusions from Case Study 2 
The second case study demonstrates more formal application of a full DfUS framework 
approach. This more comprehensive study therefore provided a way to identify and demonstrate 
the benefits that could be achieved using all the stages of the framework developed in this 
research. In this study a large international sports equipment manufacturer with previous 
experience of SD and design process improvement activities used the framework to 
systematically evaluate their established design processes and procedures, and identify six 
strategic recommendations for SD implementation. 
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This case study highlighted that if a company is committed to the integration of sustainability, 
this is a key advantage in achieving meaningful and impactful results through application of the 
DfUS framework. In this case the company conducted the study as part of two wider strategic 
activities to improve the consideration of sustainability, and also improve the effectiveness of 
their design processes. Because the goals and scope of the case study were so well defined and 
linked with the pre-existing goals of the company, this example also demonstrated the 
importance of gaining stakeholder buy-in at all stages to support effective framework findings 
and application. As such, the company were able to develop targeted and pragmatic 
recommendations for the improvement of SD within their established practices, based on 
findings collected by a group of stakeholders, and ranked by relevant internal experts. 
In addition, the successful application of the framework in this example was further supported 
by the company’s maturity and understanding of design process improvement procedures. It 
was well recognised that by investigating and improving design decisions, they could realise 
significant improvements towards reducing the impacts of their activities, and towards engaging 
in informed discussions about sustainability with their supplier base. As such, in this case study 
the company were able to effectively analyse their established processes, and collect data 
regarding process evaluation criteria not previously considered within their other improvement 
activities – thus expanding knowledge and awareness of not only their products and processes, 
but also their associated sustainability considerations. 
In this case study a relatively simple product was chosen, over which the company had full 
direct control of all the decisions. They also have strong relationships with their suppliers, and 
close control over the whole value chain, including an understanding of customer needs. This 
demonstrated that in these more contained cases, application of the framework is much more 
simple than compared to the first case study in which many decisions were beyond the scope of 
the designer – or even in potentially more complex case studies with products that contain 
many subassemblies or components sourced from outside (for example, cars or aeroplanes). 
11.5.3 Overall Conclusions from Case Study Validation 
The two selected case studies formed a critical part of this research, helping to not only 
demonstrate application of the research concepts developed within this thesis, but also to help 
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refine and validate the methods proposed. The feedback gained from the companies and 
individuals involved in conducting these case studies helped therefore to make amendments to 
the scoring models, formats of the visualisations, and other details of the framework and 
methods, resulting in the final version as described in Chapters 7-10. Two distinct case studies 
were chosen for this purpose to give a spread of experience with differing types of maturity, 
control, and end product. As such, a number of key observations can be drawn from the 
implementation of the DfUS framework in these different scenarios. 
Firstly, that the level of maturity, related to both the knowledge of sustainability issues and 
the experience with design processes, is key to the successful implementation of the framework 
approach. It was found that the most effective cases were informed by wider consultation with 
various stakeholders across the product development process, and that linking the outcomes of 
the project to clear strategic goals is a useful was to gain support and visibility of the activity 
with a range of internal stakeholders, to further increase the chance of meaningful results. 
In a similar way, the availability of information was found to be critical to effective 
implementation, requiring the actors to conduct further investigation and research of their 
products and processes in many cases. This was most successful when good supplier 
relationships were in place allowing for free and transparent exchanges of information, and 
when structured design procedures and documentation were in place to steer design activity in a 
directed and meaningful way. 
In this context, the differing applications of the studies highlighted that the structure of the 
design process also plays an important role in the effectiveness of the DfUS findings. Where 
design processes are more complex there is a conflict in that there are often more opportunities 
for readily including sustainability, however, it is also likely that there are restrictive features in 
place that may be contributing to inefficiency in the process. To address this, the design process 
evaluation method developed creates opportunities to see both the strengths and the 
weaknesses in the design process, offering companies a way to not only improve SD 
consideration, but also to remove or improve more ineffective parts of the process. In contrast, 
within simple design processes the lack of formal structure provides very few opportunities for 
the inclusion of sustainability, and in these cases a shortened application of the DfUS framework 
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focussed on the design process evaluation method was found to be most useful in helping to 
simply inform and target consideration of sustainability. 
Finally, due to the wide variety of information collected throughout application of the DfUS 
framework, and the wide variety of ways in which it can be interpreted and applied to serve 
different purposes and needs, it was found that well defined goals and scope are key to 
effective application of the whole approach. This was demonstrated particularly in the second 
case study in which the application of the framework was well aligned with the strategic needs of 
the company (to improve product design processes and sustainability consideration). Therefore 
setting defined goals helped to not only limit the scope of the study and investigations, but also 
to identify final recommendations that would be pragmatic and effective based on the needs of 
the company. It was also found that by having more defined aims and purpose for the study, it 
was easier to share findings and gain input from other members of staff during the process 
evaluation, prioritisation, and implementation stages.  
11.6 CHAPTER SUMMARY 
This chapter presented two case studies utilised in this research to refine and validate the DfUS 
framework approach.  The first demonstrated informal and exploratory application of the design 
process evaluation method to help a footwear designer with low SD maturity, to identify areas 
for improvement of their products and processes. The second demonstrated more formal and 
complete application of the framework to enable a sports equipment manufacturer with medium 
SD maturity to identify, and prioritise strategic recommendations for SD improvement. 
This second section of the thesis throughout Chapters 7-11 has detailed the theoretical research 
concepts and development of the DfUS framework.  From the framework details, and case study 
findings presented, key learning about the critical factors that can help companies to improve 
SD practice are taken forwards to be discussed and assessed against the aims and assertions of 
this work. In this context, the following section contains the key thesis conclusions in Chapters 
12-13, discussing the findings of the research, highlighting the achievement of the research 
objectives, and describing the key contributions of the work.  
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12. CONCLUDING DISCUSSIONS 
12.1 INTRODUCTION 
This chapter is the first of two concluding chapters within this thesis. The following sections 
discuss and outline the original research hypothesis, the work carried out, and the objectives 
achieved within this research. This highlights the key findings of the work reported in this 
thesis, and demonstrates how it addressed the original aims and scope of the research. 
12.2 CONCLUDING DISCUSSIONS 
In order to give structure to this research, a number of key research assertions, questions, and 
aims were identified, as outlined in Chapter 2. These led to the identification of the main 
objectives of this research and formed the scope of the work conducted. The following sub-
sections utilise the research scope (described in Section 2.7) to discuss and analyse the results of 
the main research activities. 
12.2.1 Review Relevant SD Literature and Practice 
A comprehensive review of SD research and practice was conducted to set the foundations for 
this research. This review helped to identify the key drivers for SD, the key methods and tools 
available for its implementation, and the barriers and opportunities for its use within industry.  
This review covered a very broad range of topics, from a range of disciplines, exploring where a 
number of distinct areas of research and practice must come together to understand these key 
factors affecting SD practice. 
The review clearly highlighted that it is widely recognised that SD is critical towards more 
resilient, more innovative and more profitable businesses. However, it was also found that in 
practice, many companies face large challenges with implementing SD within their design 
processes. Therefore, the most important challenge for researchers will be to identify effective 
methods of implementing SD within various manufacturing applications, to support more 
widespread and effective consideration of sustainability throughout product design and 
development activities.  
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In this context, one of the most commonly reported views found in the literature is that 
conventional product design and SD implementation should not be sequential activities, with 
SD being considered as an afterthought. However, prior to the Author’s research no 
comprehensive method to achieve this had been proposed due to the widely observed challenges 
of SD implementation. This led to proposal by the Author for a fourth stage of development of 
environmental design practice – from green design, to ecodesign, and sustainable design – 
towards ubiquitous sustainability in design. In this new stage (proposed in Chapter 5) the 
consideration of sustainability will be a completely ubiquitous component throughout all 
activities within the design process. At the heart of achieving ubiquitous sustainability therefore, 
will be understanding how the design process can purposefully evolve, modify, and update, to 
allow for the embedded and concurrent consideration of sustainability factors. 
12.2.2 Develop a Method for Evaluation and Classification of Design Processes 
In order to support a company to identify how to embed sustainability within their practice, 
there is a need to first enable them to analyse and understand their established design 
processes. This however is a very complex task. Often within companies it was found that the 
design process is not well understood or defined, and that the designers involved may not have a 
clear and holistic view of the process, or who is making various influential decisions at each 
point. Therefore, the first key challenge in this research was to identify a method for a company 
to gain a holistic overview, or an ‘as-is’ model of their design process, in order to help identify 
areas for improvement. It was found however that due to the significant variation in different 
companies, products, and organisation structures, it is infeasible to create a set of pre-defined 
criteria that would enable a ‘one evaluation fits all’ approach towards this. Therefore, this 
research instead focussed on developing a flexible design process evaluation method that would 
help a company direct their own investigation and build a strategic overview of their design 
process based on their specific needs. To this end, a number of concepts such as design 
maturity, complexity, and control were investigated and proposed to help build a flexible but 
holistic view of the product and business requirements, and therefore provide support for 
designers to systematically, effectively and simply model their design processes. As such, the 
method was developed to be scalable, to enable it to be utilised in small companies with low 
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maturity and simple design processes, as well as large companies with high maturity and 
complex design processes. 
It was also clear that to achieve this simplicity and scalability, the evaluation method needed to 
be able to utilise contributions from multiple design stakeholders and actors, and that the 
results produced would need in turn to be able to be understood by a range of relevant actors 
with varying backgrounds. Therefore a series of simple evaluation tables were developed to 
support data collection and direct process investigation, and a corresponding series of graphs 
and maps were developed to visualise the findings and to model the ‘as-is’ design processes. 
This approach was based on a number of benchmark approaches including ‘House of Quality’ 
and ‘Life Cycle Assessment’ methods, which similarly involve directing a company to collect and 
evaluate key information about their products and processes using simple graphical matrices 
that encourage designers to consider, categorise and compare key features of their products. 
Through a number of iterations and formats they were developed to use the same principles to 
encourage a designer to investigate the factors of sustainability and complexity related in this 
case to their design processes. The final table layouts and method of completion were developed 
by the author through consultation with colleagues, and through refinement during the case 
studies outlined within this thesis, to support directed investigation for companies with lower 
experience of SD. 
Developing the evaluation criteria for these pre-defined tables however was one of the most 
challenging and time consuming tasks in this research. The diversity of potential applications of 
the tables led to the requirement for developing a range of criteria that were sufficiently directed 
and useful, whilst not being limiting and ineffective. It was very difficult therefore, to try to pitch 
and scope these individual criteria to be useful to a range of different companies, and within a 
range of different sectors and contexts. As such, key patterns contained within the relevant 
literature, as well as a study of product development practice and SD application were used to 
define these evaluation criteria. 
To this end, it was very gratifying that the case studies conducted in this research highlighted 
that the DfUS tables, graphs and maps not only provide an effective method to collate and 
display the relevant design information and knowledge, but also can support decision making by 
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different actors throughout the entire design process. The findings of the case studies then 
helped to further define a series of more custom and flexible routes through conducting the 
process evaluation, leading to an ultimate growth in maturity. This was because the positive case 
study results gave confidence that the evaluation method did not need to be strictly directed, but 
instead companies could comfortably take hold of the approach for themselves – to tweak and 
modify it to their individual needs. 
12.2.3 Generate a Framework for Embedded Sustainability in Design 
The design process evaluation method developed in this research provides a method for 
companies to systematically and holistically map their design activity and gain a better 
understanding of their processes. However in order to promote the improvement of SD there 
was also a need to identify which key sustainability factors were most influential, and where in 
the design process they have the potential to make the most impact. As such, the evaluation 
method was expanded to promote investigation of various factors related to the sustainability of 
the product and business, enabling identification of the most impactful targets for consideration 
of sustainability throughout the various stages of the design process. Developing the pre-defined 
evaluation criteria for the sustainability tables was a comparatively easy task when compared to 
the complexity tables, and simply drew upon considerations from a range of relevant SD tools 
and frameworks identified in the literature. 
In the next phase of the research, a framework approach was developed in order to provide a 
more directed, strategic and meaningful way to help companies to create a list of feasible and 
targeted recommendations for the improvement of SD. This flexible framework aims to help a 
company grow their experience, understanding, and maturity with SD practice within their 
design activity. The DfUS framework was therefore based on continuous improvement methods, 
containing four stages of: Strategise, Evaluate, Prioritise, and Implement.  This directs the 
company to set goals and scope for the project, conduct an evaluation of their design processes, 
and then use this to identify potential SD interventions that can be ranked and scored by a panel 
of experts. Through conducting the first step of design process evaluation, company is able to 
gain better awareness of design process issues, highlighting any ‘low hanging fruit’ which are 
opportunities for simple and effective SD improvement. In contrast however, some 
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opportunities highlighted will be more complex involving more effort to implement, such as 
making changes to the organisational structure, adopting new design tools, shifting company 
culture, or investing in more long term changes to equipment and infrastructure. In such cases 
it is therefore useful to have a method by which to evaluate and prioritise the potential 
recommendations for improvement, to strategically and confidently identify the most feasible 
and beneficial options, and to gain buy in from key stakeholders throughout the company. 
12.2.4 Develop a Decision Model for Prioritisation of Design Recommendations 
To facilitate a multi-stakeholder ranking of any potential recommendations identified by the 
process evaluation, a multi-criteria decision model was developed in the next phase of research. 
As the DfUS framework considers the entire design process, it is possible that a large number of 
different potential interventions for improving SD could be identified. It would however be 
infeasible, impractical and ineffective for a company to address all of these at the same time, 
likely requiring large amounts of time and money. Therefore, in order to help a company to 
direct their efforts and identify the most effective and feasible options for improving SD, four 
key criteria were selected to assess the importance and potential impact of the various 
recommendations, namely: economic viability, technical feasibility, sustainability benefits and 
strategic importance. The decision model enables various expert stakeholders within a 
company to score each recommendation against these criteria and identify the most beneficial 
options. This enables smarter decision making, and improves engagement with internal actors, 
thus promoting visibility and buy-in of the improvement activity.  
A range of comprehensive MCDM methods were explored for use in the decision model, and the 
WSM was chosen for increased simplicity and transparency, as it enabled the stakeholders and 
actors to readily understand how the final scores have been calculated. The four evaluation 
criteria were then selected based on the needs of the company, and the requirements of the SD 
process improvement activity. By using two criterion related to the overall benefits, and two 
related to the feasibility, the decision model is able to provide an additional level of information 
about the recommendation. This helps to set the foundations for a continuous improvement 
approach through utilisation of a final process improvement sheet. This sheet not only provides 
a view of the final improvements and their relative benefits and importance, but also supports a 
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comparison of the findings from the process evaluation against the proposed solutions – thus 
demonstrating where the improvements provide greatest support for the existing processes 
moving forwards. This was also something very well received in the case studies, which showed 
that the comprehensive methodical approach, also helps to gain buy in from key stakeholders 
and works well as part of a well-recognised and well-supported improvement activity. 
12.2.5 Demonstrate the Applicability of the Framework through Case Studies 
In order to develop and refine the finer details of the DfUS framework two case studies were 
conducted based on different levels of maturity and complexity. 
The first case study demonstrated shortened exploratory application in a small company with 
low maturity, and helped to develop the scoring model for more simple applications. This also 
highlighted that whilst the pre-defined tables are useful for helping to prompt consideration of a 
wide range of factors, some further research by design actors is necessary to provide a basic 
understanding and knowledge of which sustainability factors are most important to the product 
and business being evaluated. Similarly, for design processes that may not have many 
established formal procedures, the complexity tables can act as a guide towards improvement of 
practice by helping the designer identify methods to better inform and control decision making. 
Therefore, it can be seen that both of these facets prompt a growth in not only maturity of 
sustainability consideration, but also the improvement of design processes. 
The second case study demonstrated application in a large company with medium maturity, and 
helped to showcase use of the complete framework approach towards helping a company 
identify six recommendations for the targeted and meaningful improvement of SD practice. In 
this study, the DfUS framework was utilised as part of a strategic company wide effort to both 
improve sustainability and design process efficiency.  As such, actors from across the company 
were involved in both data collection and prioritisation of the recommendations. This 
highlighted that linking the activity to the strategic aims of the business not only helps to define 
the goals of the study, but also to promote visibility and secure more rounded and feasible 
recommendations. 
CHAPTER 12 
  222 
Through both case studies a number of critical success factors were identified, highlighting 
features that promote more effective application of the DfUS framework. These were found to 
be: i) the level of maturity of the company with respect to both sustainability and design 
processes, ii) the availability of the information and collaboration both internally across the 
company and with suppliers and stakeholders, iii) the structure of the design processes with 
respect to both the complexity of the organisational structures and the products themselves, and 
iv) having well defined goals and scope that enable identification and selection of appropriate 
and beneficial interventions for SD improvement. 
The findings of the case studies were not only helpful in refining the various methods and 
visualisations, but also in highlighting the potential benefits of adopting the DfUS approach. An 
interesting result from these studies can be observed by comparing the two top-level factor 
comparison maps included in Figures 11.5 and 11.9, which clearly illustrate the Footwear 
Designer with little structure in their creative design process had very low scores for the 
complexity factors, and the Sports Equipment Manufacturer with a well-structured and 
controlled design process had very high scores – demonstrating an effective mapping of the 
complexities inherent within the different scenarios.  Both of the case studies also highlighted 
that at least one dimension of the evaluation was significantly weaker than the others in each 
case, with the Footwear Designer finding regulatory complexity outside their scope, and the 
Sports Equipment Manufacturer finding economic sustainability outside their scope. As such, it 
was also observed that the topics chosen for the pre-defined tables were most useful and 
applicable for the medium maturity application. In a high maturity application, it is envisaged 
that a company would develop their own targeted topics and criteria to direct the evaluation, as 
the Sports Equipment Manufacturer intends to do in the future. However, in a low maturity 
application a different use was identified by the Footwear designer during the case study. In this 
example, the designer used the complexity factors in an aspirational fashion to help them to 
identify potential opportunities for improving their design process in the future. This was an 
unexpected outcome, and was done independently by the designer during the study, however, it 
was found to be very beneficial to the outcomes and usefulness of their application of the DfUS 
framework. This highlights that there is an opportunity for expansion of this approach in the 
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future to better support design process improvement in low maturity, and more creative 
unstructured applications. 
Therefore, it is clear that by providing effective direction to the evaluation process with 
meaningful criteria, the DfUS framework can help a company to not only assess and model their 
existing practice, but also take into account issues they may not have otherwise considered as 
part of a routine process improvement exercise.   
12.3 TOWARDS UBIQUITOUS SUSTAINABILITY IN DESIGN  
The implementation of SD has the potential to help a company not only reduce the 
environmental impacts of their products and activities, but can also help to promote innovation, 
reduce operating costs, grow their market share, increase competitiveness, and increase 
resilience in the face of an uncertain future. These are concerns increasingly faced by modern 
businesses due to increasing legislations, risks of resource depletion, and rapidly changing 
customer demands. As such, a large number of methods and tools for including sustainability 
within design have been developed. It has been found however that these are not having the 
desired effect, and therefore this research aimed to better understand how SD could evolve to 
become a purposeful and embedded part of product design practice. To this end, the DfUS 
framework and methods outlined in this thesis have focussed on enabling a company to identify 
areas for targeting consideration of sustainability in their products and business, as well as 
identifying the areas and means by which these can be included in the design process to be most 
beneficial and effective.  
In this context, the following sub-sections highlight the aspirations of this research and discuss 
some critical findings arising from this work. 
12.3.1 Designing Ubiquitous Sustainability into Product Design Processes 
This research aspires to grow maturity and visibility of sustainability in companies through this 
systematic and guided incorporation of sustainability within established design processes. By 
choosing this approach towards encouraging growth in experience of SD, this research aims to 
make significant, long-term impact on the overall effectiveness and success of sustainable 
design practice through enabling the upgrade of design processes, as opposed to the 
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improvement of the products themselves. In this way the DfUS framework approach helps teach 
a company to build experience with their own design processes, as well as guiding them to gain 
knowledge of the sustainability factors affecting their business, and to build in lasting 
improvements – thus affecting not just one product over its limited lifespan, but all the products 
developed through the life of the company. By including consideration of sustainability from the 
beginning of the design process in this way, the framework therefore promotes the development 
of products that are inherently less environmentally impactful, more aligned with the needs of 
the customer, and contain more comprehensive and holistic consideration of the needs of the 
business and key stakeholders across the value chain. To this end, this research helps a company 
to achieve the ultimate objective of facilitating and streamlining the task of including 
sustainability within design activities, so that is it no longer product development followed by 
sustainable design, but simply responsible product development throughout – where 
sustainability is a ubiquitous consideration across the design process.  
12.3.2 Promoting Effective, Embedded, and Evolutionary Improvement of Sustainable 
Design 
The development of the DfUS framework as outlined above was purposefully targeted in this 
way using the research assertions identified (in Section 2.4). These stated that, in order to 
improve SD practice in the future, sustainability will need to be 1) effectively employed early on 
in design activity, 2) embedded within existing processes, and 3) supported through a strategic 
evolution in company knowledge, capability and management. 
These overarching assertions were formed from a number of recurring themes identified in 
different areas of SD literature, and were in turn used to inform the research presented in this 
thesis. Each assertion was drawn from a different distinct sub-set of research in this way, to 
shape a holistic set of three assertions covering different levels of design – from strategic 
management to operational practice. 
At its most basic level, it is well known that inclusion of sustainability (and indeed any other 
factors) within the detail stages of design, results in little impact on the final product. Therefore, 
this research began with the key question of – how can the impact of sustainable design be 
improved? – and thus, with the first assertion firmly in mind as a well understood challenge and 
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paradox. However, during the course of the initial reviews and investigations, this initial idea 
was refined and the remaining assertions revealed themselves. 
Firstly, an exploration into the effectiveness (or lack thereof) of existing ecodesign tools 
identified that there were a large number of challenges with these tools, and they were not 
having the desired effects in application. Instead much of the relevant literature, and 
subsequent conversations with practitioners, reported that the best applications of ecodesign 
tools happened when sustainability consideration was tailored, and embedded alongside 
normal, established design practices. This discovery formed the second assertion, and led to 
further investigation of the range of SD implementation challenges found at the design process 
level – which highlighted the importance of a company’s overall design capability, maturity, and 
effective management of ecodesign activities for ensuring success. These findings (combined 
with research into strategic SD practice that found that many companies were scared to do SD 
and did not know where to begin) resulted in the third assertion of this research and went on to 
form the foundations of the framework developed. 
In this way, the explorative nature of the development of these research assertions fed into the 
development of the DfUS framework and associated methods, which aim to address these 
assertions by encouraging a company to go through a similar process of discovery – to first 
understand their design processes and business requirements, then develop solutions tailored to 
their own needs, and through this process build understanding and grow experience towards 
further, continuous improvement. 
12.3.3 Defining Ubiquitous Sustainability 
At the outset of this research, it can be seen that as with the gradual discovery of the assertions, 
a full understanding of the concept of ‘ubiquitous sustainability’ was not yet known. 
When this work began, it sought simply to understand how sustainability could become a 
ubiquitous component of design. This original intention was understood in a similar way to how 
the term ‘ubiquitous’ is applied to other disciplines. For example, in ubiquitous computing 
(ubicomp), it means that computing is made to appear everywhere and anywhere, throughout 
physical environments, and in a way that it is not even necessarily perceived by those actively 
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using it. In the same way, it was thought that sustainability should become an inherent part of 
every aspect of design, ever present within everything from conceptual design and user 
interaction to material selection and design for manufacture. It should be a given – not even 
directly thought about, but universally taken into account. 
However, through initial research into the evolution and drivers of SD practice it quickly became 
apparent that this version of ‘ubidesign’ was not simply a state of practice, but instead a future 
evolution of SD application and research as a whole. 
In the past, external economic, societal and political drivers had pushed the expansion of 
environmental design from ‘greenèecoèsustainable’. In order to address the scale of the 
challenges of the future however, it is necessary to evolve further to a state where it has simply 
become ‘good’ design. 
In order to achieve this next evolutionary state, we would need an interim step where 
sustainability would become a well-understood and ubiquitous part of everything we do – 
towards inherently good design. This would need to occur in a similar way to the universal 
incorporation of DfM, which was an emerging area of research in the 1980s, and is now an 
established part of design. In fact, it may even be considered crazy to design a product now 
without considering manufacturability! In the same way it is hoped, expected, and perhaps 
necessary that sustainability will becomes a completely normal part of design in the future, in 
one form or another. 
Through this research however, it became apparent that achieving this same improvement for 
environmental design was not simply about improving SD tools (as had occurred initially with 
the emergence of DfM and other DfX considerations where tool development propagated initial 
practice), but was instead about the sustained and systematic improvement of design practice 
itself. So, in the same way that the successful proliferation of DfM was supported not by the 
tools developed, but perhaps more importantly by emerging management practices, industry 
standards, and a clear understanding of the benefits and necessity for change – the achievement 
of ubiquitous sustainability will need to be supported in a similar way by becoming established 
within design activities, as well as the wider aspects of business. 
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In this way, exploration of the literature surrounding SD, and the concept of ‘maturity’ 
presented in Chapter 5, helped to formally shape the final definition of ubiquitous sustainability 
presented in this thesis, based on the understanding that achieving this will require 
sustainability to be spread throughout all levels of design and business activity – and 
particularly in design practice through considering the assertions presented to enable 
sustainability to become effective, embedded and evolutionary. 
12.3.4 Future Integration Challenges beyond the Traditional Design Process 
This clearly demonstrates an enormous challenge, and in the future it will be critical to 
understand how to enable a transition to ubiquitous sustainability through systems thinking, 
involving both smarter design support tools and improved user engagement (as highlighted by 
the reviews in Chapters 4 and 5).  In this context, although the research reported in this thesis 
focused on the product design process, it was found that, there are also new and unprecedented 
opportunities for expanding the scope of sustainable design beyond product development and 
linking SD practices with other relevant activities within a manufacturing company to enable an 
even greater level of control over the environmental impacts of the product. 
A key example of this is the increasing rate of change of manufacturing requirements. In recent 
years it has become evident that more frequent changes to product designs, rapid progress in 
manufacturing technologies and ever changing customer demands are highlighting a need to 
rethink current practice. It is widely recognised that in order to respond to these factors, there is 
a need for more flexible, responsive and agile design approaches which not only consider the 
products, but also the processes and production systems that are used to manufacture them. 
In addition, new challenges in this area are appearing in developing countries. These emerging 
markets are growing rapidly and offer completely new and different priorities in customer 
demand, levels of technology, costs of labour, and even local skill levels. The various 
considerations for companies entering these markets will be very different when deciding how 
to manufacture items and design new plants and supply chains. This offers a vast opportunity to 
implement change from the outset of designing the whole system and approaching the task from 
the start with an integrated ‘holistic engineering design’ approach that considers product, 
process and plant design together. 
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13. CONCLUSIONS AND FUTURE WORK 
13.1 INTRODUCTION 
This closing chapter of the thesis presents the key conclusions arising from the research. The 
chapter begins with a section presenting the key contributions of this research, highlighting the 
outcomes of the work done. This is followed with a systematic description of the research 
conclusions and a brief discussion of the limitations of the work presented in this thesis. This 
chapter concludes by describing areas for potential future expansion of this work toward 
promoting ubiquitous sustainability within design processes. 
13.2 RESEARCH CONTRIBUTIONS 
The research in this thesis has explored the improvement of SD practice through embedding 
sustainability considerations into various stages of the design process. The key contributions 
arising from this research can be summarised as follows: 
i. Proposing an evolution in the scope of environmental design beyond current 
approaches of green design, ecodesign, and sustainable design – towards ubiquitous 
sustainability in design. 
ii. Investigation and identification of the barriers and enablers to the uptake of SD, in 
particular the limitations and constraints resulting from implementation of SD as an 
afterthought within the latter stages of design processes, and challenges with the 
implementation of SD within established design practices and procedures (summarised 
in Figure 5.2). 
iii. Devising an evolutionary approach towards growing the maturity of SD in companies 
through improved implementation and impact of sustainability consideration within 
design processes, and by raising awareness of sustainability activities to gain buy-in 
from stakeholders at all levels of a company. 
iv. Definition of a systematic, targeted and customisable method for evaluating and 
mapping design processes to generate an ‘as-is’ overview of the established design 
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processes and procedures within a company, in order to promote understanding of 
strengths and weaknesses inherent in these processes, and to identify targets for 
sustainability consideration within the business, and opportunities for including 
pragmatic SD approaches throughout product design processes. 
v. Creation of a continuous improvement framework for the design process that is flexible 
and scalable to enable application in different contexts, and in different companies with 
not only different products, but also different levels of complexity and maturity. 
vi. Generation of a process improvement map which summarises the recommendations for 
embedding SD within a company, demonstrating areas for ‘quick wins’ and further 
investment and development. 
vii. Demonstration of a systematic approach towards modelling of established design 
processes through industry based case studies, illustrating strategic identification of 
recommendations for SD improvement and their implementation within a business. 
 
13.3 RESEARCH CONCLUSIONS 
The key conclusions drawn from the research reported in this thesis are listed below: 
i. The initial review conducted in this research highlighted that there are a number of key 
challenges limiting the inclusion of sustainability within the design process, including 
the inherent complexities within the products and design processes, lack of effective 
communication and collaboration across a business, and lack of available and relevant 
information to support the designers.  
ii. The study of existing design practices carried out in this research showed that current 
approaches for consideration of sustainability within design processes are achieving 
limited uptake and limited impact. This is due in part to their application often as 
afterthoughts in the detail stages of the design process, and also to the difficulties 
experienced by many companies with their application alongside and within existing 
design processes and procedures. Therefore, it was concluded that in order to facilitate 
improved consideration of sustainability within all stages of the design process, SD 
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approaches need to become more effective, embedded and evolutionary – where they 
are included earlier in design, become incorporated within existing design processes, 
and promote a steady growth and expansion in experience and maturity of SD as a part 
of effective, established practices. 
iii. In order to identify pragmatic and impactful methods for embedding sustainability 
within established design processes, the research identified a need for a method to 
enable systematic modelling of a company's design processes and procedures, thus 
giving an overview of any strengths, weaknesses, and points for improvement in 
sustainability and design practice. This enables an understanding of not only the key 
sustainability factors relevant for the business (targets), but also the points where 
consideration of sustainability can be readily included into already established and 
effective practices (opportunities) – facilitating considered practice of SD. 
iv. It was concluded that updating and modifying the design processes and procedures 
within a company to include sustainability consideration involves significant and 
complex changes in practice, culture, and organisation. In order to facilitate a more 
simple and effective transition therefore, this research asserted that a structured and 
evolutionary approach based on continuous improvement can help promote a growth in 
maturity, and thus improve a company’s ability to implement and conduct SD practices.  
v. The identification and implementation of effective changes to design practice requires a 
substantial amount of information about the design process to be gathered from 
different places, and different stakeholders. It is clear therefore that the DfUS actor 
plays a critical role in the management and direction of the study to not only identify, 
collect, and record this knowledge, but also to use and apply the findings in the right 
way, leading to informed and pragmatic decision making and the selection of 
appropriate and meaningful recommendations for targeted SD improvement. 
vi. Application of the continuous improvement framework developed in this research will 
inevitably result in a large number of recommendations for embedding SD within 
design processes. However, simultaneous implementation of all potential interventions 
would be infeasible and impractical, highlighting the need for a multi criteria decision 
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model to enable scoring and prioritisation of these recommendations based on their 
overall feasibility and potential benefits in application within the design process. 
vii. The case studies showed that there is a need for flexibility and customisability in the 
application of the DfUS framework depending on the maturity and specific needs of the 
company, to have variation in the strategic contents of tables and worksheets employed, 
and which scoring models are used within them for meaningful assessment. It was also 
demonstrated that not every stage needs to be applied, and the evaluation stage alone 
can be a useful first step towards growing SD consideration in low maturity scenarios by 
identifying the key sustainability factors affecting a product, as well as potential areas 
for strengthening design process procedures and activities.  
viii. The challenges in reaching ubiquitous sustainability are many, but it is the author’s view 
that there is significant scope for improvement in sustainable design practice. The DfUS 
framework demonstrates that although the process can be difficult – requiring a large 
amount of data to be collected, processed and understood – substantial opportunities 
for improvement of established practices can be identified. Successful adoption of new 
practices therefore requires organisational change driven from the top, and there is a 
need for a re-branding of SD so companies understand that implementation does not 
have to be a laborious task. In this context, future radical changes to SD practice will be 
driven not only by cultural change, but also by emerging technologies and a shift in 
consumer demand. 
 
13.4 CONSTRAINTS AND LIMITATIONS TO THE RESEARCH 
The discussions presented in Chapter 12 highlight that this research has been successful in 
addressing the aims and objectives of the work, however, there were also a number of 
limitations in this research due to time constraints, which are acknowledged as follows:  
i. Although design control was thought to be core to the effective implementation of SD, 
this research could not thoroughly explore the full impact of this factor. Instead, the 
methods developed focussed more on centralised models of design control, aiming to 
provide support in these situations where designers have more influence over key 
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design decisions and the development of the final products. In these scenarios, it is 
more simple to map and understand the design process, and also to have significant 
impacts on improving sustainability. In contrast, this research did not focus heavily on 
distributed design scenarios, where design can take place not only in different locations, 
but also at different times. For example, in these cases it is likely that some components 
will be purchased ‘off-the-shelf’, and therefore have already been designed when 
considered within the design process of the end product. In this case there is a clear 
physical and temporal distance between design of the component and product, and 
therefore limited scope to incorporate sustainability. 
ii. In order to robustly test the framework, this research would have benefitted from 
further case study validation in a wider variety of companies, in particular, a study 
exploring more complex products developed in distributed design models, and a study 
demonstrating a customised approach within a high maturity company. These two cases 
however were not explored further due to a number of constraints. In the first case, in 
line with the point above, this is due to the dispersed nature of design where actors in 
these complex scenarios will likely have limited visibility of the whole design chain, and 
therefore a lack of understanding of key criteria, and a lack of available data to give 
meaningful feedback. In the second case, it is expected that before attempting a fully 
customised route, a company would need to have some initial experience with the 
framework. They would therefore need to undertake a medium maturity application, 
implement the improvements, and monitor progress to ensure the study was a success, 
before completing their own tables and customising their own DfUS approach.  
iii. Once recommendations for the improvement of SD have been identified and put 
forward using the DfUS, they have to be implemented by the company within their 
design processes. It is acknowledged that at this stage, the SD interventions may not 
perform as effectively as expected. At this point the responsibility still lies with the 
company to identify, and customise appropriate tools and methods for implementing 
these recommendations in a feasible and meaningful way. This is a highly specialised 
activity that relies heavily on the knowledge and capability of the company to conduct 
effectively. It is recognised that in this context, there are also large challenges with a lack 
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of appropriate design tools being available to support SD decisions. Therefore, as and 
when new software tools are developed, then this process of implementation is likely to 
change dramatically. For example, if emerging CAD packages with sustainability 
modules become commonplace, or if new socio-technological advances emerge to create 
more social and collaborative product data management systems to allow designers to 
communicate more effectively. 
 
13.5 FUTURE WORK 
The research documented in this thesis highlighted a number of opportunities for further 
development and expansion of this research in a range of directions, a number of which are 
described in the following sub-sections. 
13.5.1 Explore the Customisability of DfUS for Specific Sectors or Maturity Levels 
This research proposed a number of routes through the DfUS framework for companies with 
three distinct levels of maturity – low, medium and high. It was anticipated that companies with 
low and medium maturity would be best served by utilising a prescriptive set of pre-defined 
DfUS tables developed in this research to help guide and focus design process evaluation on the 
most influential topics. However, the case studies conducted demonstrated that even in a 
scenario with low maturity, the simple, prescriptive route may not be the most appropriate. 
In this context, the first case study highlighted that for a company with an informal design 
process structure, the complexity worksheets did not help to build an accurate picture of their 
existing design process. Instead, they were used by the designer to identify aspirational areas for 
future improvement of design processes, control documents and avenues of communication. 
Therefore, a valuable extension to the scope of the research reported in this thesis is to identify 
the various degrees of customisability required within different types of design process to 
enhance the functionality of the DfUS. This will be particularly useful for scenarios where no 
structured design process exists, and it is envisaged that more customised approaches could be 
developed to address the needs of both differing maturity levels (e.g. customised complexity 
worksheets for low maturity), and differing sectors (e.g. customised complexity worksheets for 
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fashion and creative industries with specific design process structures). In addition, these 
customised worksheets could provide a platform for developing a library of relevant reference 
models that could be utilised by companies with similar products or design processes.  
13.5.2 Explore a New DfUS Approach for Capturing Gaps in Knowledge 
The application of the DfUS framework enables designers to see gaps in their knowledge, and 
companies to see gaps in their design process. This was one of the key objectives of the research 
in helping to model design processes and identify targets for sustainability consideration. 
However, during the case studies it became evident that by enabling comprehension of the 
shortcomings within design processes, the DfUS also highlighted further gaps in their 
knowledge beyond the intended topics of consideration. Therefore, it is proposed that another 
valuable extension to the DfUS approach would be to explore how to include this additional ‘gap 
analysis’ to further support and enhance improvements to SD practice within a company. 
For example, in both case studies the sustainability worksheets prompted the companies to 
conduct further research into the specific sustainability factors affecting their products. 
Therefore, a similar approach could be adopted towards helping a company to improve their 
design processes, organisational structures and even working cultures. For example, the 
complexity worksheets could aim to prompt a company to research into emerging socio-
technical software or knowledge management methods to support their design process. 
13.5.3 Expansion in Functionality of Supporting Software for DfUS 
For the purposes of this research, a prototype software tool was developed to demonstrate the 
process evaluation methodology. The software platform also offers a number of opportunities 
for including additional functionality. This could potentially include areas such as: 
• Enabling flexibility with data processing and visualisation: The increased processing 
power of the software could be utilised to generate interactive diagrams, and provide a 
wider variety of visualisation options. These could enable data about the design process 
to be generated and interrogated in real time.  For example, new types of visualisations 
such as a tree diagram could be included, as shown in Figure 13.1, which can be 
collapsed and expanded to visualise all the data collected. In addition, statistical tools 
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could also be employed in the software to allow application of more complex MCDM 
methods, particularly for more mature companies who may be using more complicated 
methods of scoring both within the tables and graphs, and during the prioritisation. 
• Promoting collaboration and information exchange: Improved social features (e.g. 
forums or wikis) could be built into the software in order to help the DfUS actor gain 
input to the design process evaluation, gather feedback on the findings of the study, and 
obtain expert scores. This would support not only modelling of the design process, but 
also sharing of the findings and the results, enabling supporting information to be 
shared with stakeholders and experts involved throughout the process. 
 
 
Figure 13.1. Example of a tree diagram visualisation with footwear design case study data 
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• Enabling ‘what-if’ assessment and ‘to-be’ modelling of processes: The DfUS process 
evaluation method provides an ‘as-is’ model of established design processes within a 
company, and as such, it would likely be applied infrequently as part of an improvement 
project. The method could however be expanded further to enable a ‘what-if’ analysis of 
any suggested improvements. This would provide valuable supporting information to 
help identify and select the most effective and appropriate options for improving SD. 
However, enabling this ‘what-if’ analysis would require a great deal of additional 
research to identify what extra information needs to be gathered, and how this can be 
modelled and processed to give a view of a potential future design process. 
13.5.4 Realisation of Comprehensive Design Tool Kits for Ubiquitous Sustainability 
The application of the DfUS framework helps a company to identify a large amount of different 
opportunities for improving the consideration of sustainability within their design processes. 
Putting these into practice however can be very challenging, and in this context, this research 
highlighted that software based interventions are often the most readily adopted, and most 
effective methods for implementation of effective new practices, and new methods for 
knowledge management within the design process. 
At present however, the support for sustainability in current design software packages is very 
limited and only beginning to emerge in mainstream applications. As these approaches are still 
in their infancy, it is still difficult to consider and predict how they can be integrated into 
existing design processes. As such there is a clear need for more software tools to support SD 
practice, and it is recognised that many of the recommendations for improved SD highlighted by 
the DfUS framework would also be best applied using appropriate design support software. This 
research therefore has highlighted that software interventions could be used to support the 
ubiquitous consideration of design in a number of different ways within the design process.   
These future approaches however will not only need to enable the incorporation of sustainability 
within design activity, but also need to be smarter in managing the complex trade-offs 
highlighted in this research as being one of the key challenges with existing SD. They will also 
need to enable better integration and knowledge transfer between tools, and within design 
processes to reduce the need for customisation prior to implementation. 
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APPENDIX A. EVOLUTION IN ECODESIGN AND 
SUSTAINABLE DESIGN METHODOLOGIES 
 
The following paper was written by the author during the first year of doctoral study, and was 
presented at the 20th CIRP International Conference on Life Cycle Engineering (LCE2013) in 
Singapore, 17-19th April 2013. 
 
  
APPENDIX A 
  A-2 
 
APPENDIX A 
  A-3 
 
APPENDIX A 
  A-4 
 
APPENDIX A 
  A-5 
 
APPENDIX A 
  A-6 
 
APPENDIX A 
  A-7 
 
APPENDIX B 
  B-1 
APPENDIX B. DfUS EVALUATION CRITERIA 
 
This appendix contains six sheets detailing the evaluation criteria used to populate the pre-
defined DfUS tables described in Section 9.2 of this thesis. Each sheet contains five criteria for 
each of the Design Control models, and each of the four topics within each of the six dimensions 
used in the design process evaluation described in Chapter 8. The contents of the appendix are 
as follows: 
Page B-2. DfUS Environmental Sustainability Evaluation Criteria 
Page B-3. DfUS Economic Sustainability Evaluation Criteria 
Page B-4. DfUS Social Sustainability Evaluation Criteria 
Page B-5. DfUS Product Design Complexity Evaluation Criteria 
Page B-6. DfUS Knowledge Management Complexity Evaluation Criteria 
Page B-7. DfUS Regulatory Complexity Evaluation Criteria 
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APPENDIX C. DfUS CC WORKBOOK 
 
This appendix contains an example DfUS workbook developed as part of this research as 
described in Section 9.2 of this thesis. A separate workbook can be created for each control 
model of CC, DC and DD using evaluation criteria outlined in Appendix B, with the cover sheet, 
preface sheet and BOSCARD common across all three workbooks. Therefore, to prevent 
duplication the contents of the appendix are as follows: 
Page C-2. DfUS Workbook Cover Page 
Page C-3. DfUS Workbook Preface Sheet 
Page C-4. DfUS Design Process BOSCARD 
Page C-5. DfUS Environmental Sustainability Worksheet for CC Company 
Page C-6. DfUS Economic Sustainability Worksheet for CC Company 
Page C-7. DfUS Social Sustainability Worksheet for CC Company 
Page C-8. DfUS Product Design Complexity Worksheet for CC Company 
Page C-9. DfUS Knowledge Management Complexity Worksheet for CC Company 
Page C-10. DfUS Regulatory Complexity Worksheet for CC Company 
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APPENDIX D 
  D-1 
APPENDIX D. DfUS PROCESS EVALUATION SUPPORT 
SOFTWARE TOOL 
 
This appendix describes and depicts a prototype DfUS software developed to support the 
research presented in this thesis, as discussed in Section 9.5. This prototype aims to visualise 
how a potential piece of DfUS software could function, and how the method developed in this 
research for design process evaluation could be implemented in a professional design tool. 
The first two pages of the appendix briefly describe the structure and benefits of the prototype, 
and the remaining pages contain a series of screen shots of the functional prototype software 
produced in this research. It is not proposed that this prototype represents how the final 
software could look visually, but instead focuses on functionality. Thus, this prototype was 
developed using Microsoft Visual Basic and Excel to give a skeleton model of a functional 
software in which data is gathered by the tables, and the visualisations are automatically 
processed and generated by the software.  
The overall format of the prototype software tool follows that of the paper method described in 
Chapters 9 of this thesis, and as such when operating the software and conducting a design 
process evaluation, the user moves through the following screens: 
i. Create a new project, as shown in Figure D.1. This is the starting screen of the 
software and explains the purpose of the DfUS, allowing the user to create a new 
project, or open an existing project. 
ii. Select a control model, as shown in Figure D.2. This contains a description of each 
of the three control models, alongside an example diagram to help a user select the most 
relevant option for their company, and therefore direct them through the most 
appropriate evaluation route. 
iii. Complete the goal and scope, as shown in Figure D.3. This allows the company to 
set the goal and scope of the project and save specific, strategic information to 
accompany the study and help to give direction. 
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iv. Select a maturity level, as shown in Figure D.4. This page contains a description, and 
example of the scoring models used for low, medium and high maturity evaluations, 
allowing the user to select the most appropriate for their study. 
v. Complete the tables, as shown in Figure D.5 and Figure D.6. These pages contain all 
the tables for each of the six dimensions. The user can navigate between the dimensions 
using the tabs at the top of the screen, and within each page can collect and populate the 
data, as well as save the study and make changes to the goal and scope, maturity and 
control models where desired to tweak and customised the study. 
vi. Generate the graphs and visualisations, as shown in Figure D.8 and Figure D.9. 
These graphs can be generated from the ‘home’ table screen at any time. These enable 
instantaneous mapping of the data collected in the tables, to be displayed within the 
corresponding visualisations as desired. In the figures included in this appendix, the 
graphs are shown with only minimal data entered in order to highlight their potential 
for use to help build an evolving picture of the design process. 
This software therefore offers many additional benefits over and above the paper method by 
enabling the user to manage their own study and to move between tables easily, gathering and 
sharing information at their own pace, and affording the flexibility to save, share and print data 
and findings as needed. The ability to make changes to the control models within each topic also 
allows greater flexibility in the route through design process evaluation by enabling the user to 
use a different set of evaluation criteria where more relevant to their situation. This customised 
route is illustrated in Figure D.10. 
Finally, the software is also able to offer additional guidance over and above that of the paper 
method by providing helpful tips, and by having extra information embedded throughout. An 
example of this is a number of pop-up boxes built into the prototype that offer extra information 
about the topics of each table, an example of which is shown in Figure D.11. 
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Figure D.1. Start Screen of the DfUS Prototype Software 
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Figure D.2. Control Factor Selection Screen of the DfUS Prototype Software 
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Figure D.3. Goal and Scope Screen of the DfUS Prototype Software 
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Figure D.4. Maturity Level Selection Screen of the DfUS Prototype Software 
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Figure D.5. Product Design Complexity Tab of the Evaluation Screen in the DfUS Prototype Software  
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Figure D.6. Environmental Sustainability Tab of the Evaluation Screen in the DfUS Prototype 
Software  
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Figure D.7. Environmental Sustainability Graph Check Pop-up of the DfUS Prototype Software 
 
Figure D.8. Factor Comparison Map Pop-up of the DfUS Prototype Software 
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Figure D.9. Matrix Map Pop-up of the DfUS Prototype Software 
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Figure D.10. Example of a Customised Route through DfUS Evaluation 
 
 
Figure D.11. Additional Information Pop-up Over Tables in the DfUS Prototype Software 
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APPENDIX E. FOOTWEAR DESIGNER CASE STUDY 
 
This appendix contains the results of Case Study 1 as described in Chapter 11 of this thesis, 
which was conducted in partnership with a Footwear Designer to validate the application of the 
design process evaluation methodology. The contents of the appendix are as follows: 
Page E-2-7. DfUS Completed Footwear Designer Worksheets 
Page E-8-13. DfUS Footwear Designer Summary Graphs 
Page E-14-16. DfUS Footwear Designer Process Maps 
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APPENDIX F. SPORTS EQUIPMENT MANUFACTURER 
CASE STUDY 
 
This appendix contains the results of Case Study 2 as described in Chapter 11 of this thesis, 
which was conducted in partnership with a Sports Equipment Manufacturer to validate the 
application of the DfUS framework. The contents of the appendix are as follows: 
Page F-2-7. DfUS Completed Sports Equipment Worksheets 
Page F-8-13. DfUS Sports Equipment Summary Graphs 
Page F-14-16. DfUS Sports Equipment Process Maps 
Page F-17-19. DfUS Sports Equipment Matching Lists 
Page F-20. DfUS Sports Equipment Final Recommendations 
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5      Material Choice, T2 
4      Materials/Construction 
4      Durability 
4      Group Working 
4      Training Programmes  
4      Informal Training 
4      Fair Trade Suppliers  
4      Cross Disciplinary Working 
4      Outer Material 
4      Durability 
4      Healthy Work Environment 
4      Sea reight, Ship Deflated  
3      Panel Configuration 
3      Standard Panels/Die Cutters 
3      Sourcing Plan 
3      Local Investment 
3      User Engagement 
3      Polybag vs. Box 
3      Emissions & Waste Disposal  
2      Soft Touch vs. Durable  
2      Reduced Consumption 
1      Improved Communities  
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> TARGETS  
FOR SUSTAINABLE DESIGN  
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5      RP Systems  
4      Formal Project Meetings 
4      Decision Checkpoint  
4      Design Tools  
4      Non-work Setting Exchanges 
4      Discuss Form & Styling  
4      Discuss Product Function 
4      Contact Universities & Agencies 
4      Contact Manufacturing 
4      Contact Purchasing 
4      Contact Quality/Testing  
4      Contact Marketing 
4      PDRs  
4      Formal Project Meetings  
4      Design Specification 
4      Decision Checkpoint  
4      Design Change System  
4      Design Tools 
4      Non-work Setting Exchanges  
4      2D&3D CAD Systems 
4      Player Testing & Feedback  
4      Tech Pack  
4      Customer Customisation  
4      Final Spec  
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Notes… 
OPPORTUNITIES <  
   FOR EMBEDDED SUSTAINABILITY 
DESIGN COMPLEXITY 
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3     Design Support Mechanisms 
3     Social IT Systems 
3     Compliance Training  
3     Design Briefing Documents  
3     Design Support Mechanisms 
3     Creative Data Transfer 
3     Contact with Suppliers  
3     Technical File Transfer  
3     Discuss Manufacturability 
3     Discuss Assemblability  
3     Chemical & Quality Testing  
3     Data and File Transfers  
3     SAP 
3     Gold Seal Samples  
3     Product Compliance Documents  
3     PCDs & Testing Certificates 
3     Due Diligence Testing 
2     Local Team Meetings  
2     Compliance Strategy Documents  
2     Contact with Distributors 
2     QC Log  
1     Emails  
1     Non System Based PDM  
1     Design Guides / KM / CD 
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